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V WYXNZ\[]WS^_Z\`a[cb8d�e f6^]ghdhb,ikjmlnWS^]`oWYpab�i)bq^)d%e rtshi]^][]gvuEb�s�^_WS^_`aZ\sDb,s
w ic^_[cZ\lhx�yvi]`azmgvb�{|V f&j}r w�~��Q� Xhi_b,[��\WS^]Z\`a[]b8dhb.�!WY[c`ai]���Db,ghdhZ\s �

� lhpoWY�,b8��gvpab�i
��WYshi]i_b,s �N�\�v��� � � �Db,ghdhZ\s �n� [_WYsv��b\�
bq�tu�WY`ap����m`ash�,b,s}^�� ��WYXNZ\[]` ^��kZ\Xhi_lvuD� ��[^]b,p��&�\�S���\�S� � �t� � �����4�c�\�4� ���

��WS�Q�K�\�S���\�S� � �t� � �����4��� � � � �
�����% �¡6¢$£K 
¤�xhb�¥)gvym�\b,shi�lh[cZ\XQb8¦
`apap�b,s}^]b,[�¤
` ^_WYs�e ikWS^_uEZ\i]lhxhb,[]b�Z\s

�}WYs}gnWY[�y �a� �Y^_x � �\� � ��¤�xhb.lh[]Z\XNb�^][_WS§cb,�q^_Z\[�y¨[]b,�,Z\shic^_[cgh�q^_`aZ\s
¦)`apapQXNb�shb,b,dhb,d�^_Z©WYsnWYp yvi]b � `as}^]b,[]lv[]bq^�WYsvd��,Z\[][cb,poWS^_b�WYpapN^_xhb
dnWS^�Wª^_WY«\b�s/�|[]Z\u3b�WY��x/`ashic^_[cghuEb,s�^_iDZ\s/XNZ�WY[cdC¥
gvym�\b�svi4�
¤
xvb$¥)gmyv�\b,shi w ^]uEZ\i_lhxvb�[c`a�kj}^_[cgh�q^]gh[]b�rtsvi]^][]ghuEb,s�^${�¥ w j}r ~
¦)xv`a��x©`ash�,paghdhb,i¬WY�,��b,pab,[cZ\uEb,^]b,[]i � lv[]b,i_i]gh[cbkWYshd�^_b,uElNb,[_WS^]gh[cb
i_b,shi_Z\[ci � ¦
`apap.lh[cZ4�m`adhb­b,i]i_b,s}^]`oWYp8dnWS^�W®^_Z¯lNb,[c�|Z\[]u°WYs±WY�q�
��gv[_WS^]b�^][]WS§]b,�q^]Z\[cyª[cb,�,Z\shi]^][]gv�,^]`aZ\s�� � sI^_xhb�XnWYi]`ai.ZY�
^]xhb,i_b
dnWS^�W � []b,�,Z4��b,[cb,d­��[cZ\u�^]xhbE¥ w jmr�i_b,shi]Z\[]i � WEuEZmdvghpoWY[$i_ZY�U^c�
¦�WY[]bKxnWYi XNb�b,s8dhbq��b,paZ\lQb,d�WS^ V f&j}r w {|V WYXNZ\[]WS^_Z\[�y��|Z\[!jmlhWY��b
j}^_gvdh`ab,iKWYshd w ic^_[cZ\lhx�yvi]`a��WYphrtshi]^][cghuEb,s}^_WS^_`aZ\s ~ WS^!^]xhb�Z\Xhi_b,[��
�\WS^]Z\[cy²ZY�
�!WY[]`aic���Db,ghdhZ\s��E¤�xhbE�\Z�WYpai.ZY�&^]xh`ai.i_ZY�U^t¦�WY[cb�WY[]b
^_Z�lNb,[c�|Z\[]u³WYsDWY���,gh[]WS^]b�^][_WS§cb,�q^_Z\[�y¨[]b,�,Z\shic^_[cgh�q^_`aZ\sIdhgh[c`ash�
XQZY^]x.^_xhbKb�s�^][cy8lhxnWYi]b&WYshd.^]xhbKdhb,i]��b,s�^6lhxnWYi_bKWYshd.^_Z
dhb,pa` ��b,[
^_xhb�dhb,shi_` ^ty � lv[]b,i_i]gh[cbEWYshd1^_b,uElNb,[_WS^]gh[cb�WS^_uEZ\i]lhxhb,[c`a��lh[cZY�
´ pab,i8^]xh[cZ\gh�\xhZ\gv^�^_xhb�dhb,i]��b,s�^4�
rtsµWYdvdh` ^_`aZ\s � ^_xhb���xvZ\`a��bEZY�
W�uEZ}dhghpoWY[)�,Z\s ´ �\gh[]WS^_`aZ\sI��WY�,`apa` ^_WS^_b,i$b�WYicyD`auElhpab,uEb,s}^_WS^]`aZ\s
��Z\[�ZY^]xhb,[klhpoWYshbq^_WY[cy
uE`ai_i]`aZ\shi4�
¥)b,[cbµWY[cbµlh[cb,i_b,s}^]b,d±^]xhb­WYpa�\Z\[]` ^]xhuEi1WYshd¶^]xhb²uEb,^]xhZ}d

ghi_b,dE^_Z8[cb��,Z\shic^_[cgh�q^�^_xvbklh[cZ\XNb)^][_WS§cb,�q^_Z\[�y�dhgh[c`ash��XNZY^]xE^_xhb
b�s�^][cyIWYshdD^]xhb8dhb,i_�,b,s}^$lhxnWYi_b\�k¤
xv`aiklh[cb,i_b,s}^_WS^]`aZ\s²�,Z\shi]`ai]^]i
`asI^]xhb©dhb,i]��[c`alv^]`aZ\s­ZY�&^]xhb©uEZ}dhb,p6ghi_b,d¨��Z\[$^]xhb©lh[cZ\XNbEdhgh[��
`ash�©^_xvb8b,s�^_[�y1WYsvd1dhb,i_�,b,s}^k��Z\s ´ �\gh[]WS^_`aZ\s � ^]xhb.uEZmdhb,p�gvi_b,d
��Z\[�^]xhb.lhpoWYshbq^.{��\[]W��m` ^ty ´ b,pad
WYshdDWS^]uEZ\i_lvxhb,[]`a�.lh[cZ\lNb�[�^]`ab�i ~
WYshd ´ snWYpap y � ^]xhbKi]bq^ ZY�hb,z}gnWS^_`aZ\svi¬WYsvd.^]xhb¬`as}^]b,�\[_WS^]Z\[!i_��xhb,uEb
ghi_b,dE^_Z.lNb,[c�|Z\[cu�^_xhb
^_[]WS§cb,�,^]Z\[�y�[]b,�,Z\shi]^][cgh�q^_`aZ\s��&¤
xv`aiKi_ZY�U^c�
¦�WY[]b�¦�WYi�^]b,i]^]b�d
¦)` ^]x
^]xhb8·$WYpa`apab,Z w ^]uEZ\i_lhxvb�[c`a�8j}^][]gv�,^]gh[cb
rtshi]^][]gvuEb�s�^�dnWS^_W � W��\WY`apoWYXvpab)`as©^]xhb)¸ w j w �K¹$j
{��6poWYshbq^�WY[�y
¹$WS^�W�j}ymi]^]b�u ~ WY[]��xv` ��b�i��©rtsIWYdhdh` ^]`aZ\s � ^_xh[cb,bEXnWYpapaZ}Z\s¨^]b,i]^]i
¦�b,[]b�poWYghsh�_xhb,dµ`as²i]ghuEuEb,[ � �\� �\�¬� �\� �v� WYshd � �\�\��[]b,i]lQb,�q�
^_` ��b,p y�^_ZEi]`au�ghpoWS^]b�`as
^]xhb8fKWY[�^_x¨WS^]uEZ\i_lvxhb,[]b�^]xhb8¥)gvym�\b,shi
lh[]Z\XNbIdhb,i_�,b,s}^�� wº� � � i_��WYpab,d¶uEZ}��«}��ghl»ZY�.^]xhbI¥)gvym�\b,shi
lh[]Z\XNb � b,zmgv`alhlNb�d.¦
` ^_x8¥ w jmrQi_lnWY[cb&i]b�svi_Z\[ci � ¦�WYi []b,pab�WYi_b,d©WS^
� � «}u�WYp ^_` ^]ghdhb�WYsvd�dvb��,b,pab,[_WS^]b,d�X�y�W�lnWY[_WY�_xmgv^]b\��¹$WS^_W�[cbq�
��Z���b,[]b,dD�|[]Z\u?^_xhb.i]gh�,��b,i]i]�|ghp � �\� � XnWYpapaZ}Z\s���WYuElnWY`a�\s�¦�b,[]b
ghi_b,d²^]Z�^]b,i]^.^_xvbEdhbq��b�paZ\lNb,dµi]ZY�|^t¦�WY[cb�WYshd¨^_xhb�WYshWYp yvi]`ai8ZY�
^_xhbkdnWS^�W��|[]Z\u¼^]xhbki]gh�,��b,i]i]�|ghp � �\�\�.XnWYpapaZ}Z\s��4WYuElhWY`a�\s�`ai¬`as

lh[cZ\�\[]b,i_i��K¤�xhb)[]b,i]ghp ^_i�ZY�%^_xvb�i]b$dh` ½Qb,[]b,s�^�i_ZY�U^t¦�WY[cbk^_b,ic^_i�WY[cb
lh[cb�i]b,s}^]b,d¨WYshd�dh`ai]�,ghi_i]b�d%�
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ÄÆÅ!Ç LNÈ!É}TSLNPSÊ®ËµR�Ì4Ì4R|O%È�Í�OQÈ¬Ì�R�Ì,TSR|È6Î­R�È»T4Ï!É²Ð ÉmÌSÍ�ÉmÈ%T

OQÑ�L Å PSOQMKÉµR|È¼L Å!Ç LNÈ!É}TSLNPSÊ±LNT4ËµO%Ì Å Ï!ÉmP4É­È!É}ÉvÐ!Ì¨LQÈ
L%Í}Í�Ò6PSLNT4É�T4PYLnÓ,ÉvÍ\T4O%P4Ê¯P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ�H©Ô©Ï!R�ÌETSPSLNÓ,ÉmÍ\Õ
TSOQPSÊ»PSÉmÍ}OQÈ6Ì�T4PSÒ6Í�T4R�OQÈ/Î%R|Ö%ÉmÌ�L¯PSÉ�Ñ�ÉmP4ÉmÈ6Í�ÉIT4O¶LNÈ6L Ç Ê Ì4É
Í}OQPSP4ÉvÍ\T Ç Ê×L Ç|Ç T4Ï6ÉIONTSÏ!É}P�Ð!LnTYL¯Ð É Ç R�ÖQÉmP4ÉvÐ¶M�Ê¯TSÏ!É²R�È Õ
Ì�T4PSÒ!ËµÉ}È�TSÌkO%È Õ_MKO%LQPSÐ¨T4Ï!É Å PSOQMKÉQH$Ô©Ï�Ò6ÌmØhT4Ï!É©TSPSLNÓ,ÉmÍ\Õ
TSOQPSÊ­PSÉmÍ}OQÈ6Ì�T4PSÒ6Í�T4R�OQÈªÏ6L%Ì�L²ÙQÉmÊ­PSO Ç É�R�È®TSÏ!É1Ì�Ò¬Í}Í�ÉvÌ4Ì
OQÑ8L Å!Ç LNÈ!É}TSLNPSÊ»Ë­R�ÌSÌ�R�OQÈ±LQÈ6Ð�Ï6L%ÌETSO¯MKÉITSP4ÉvLnT4ÉvÐ¶R|È
L­ÖQÉmP4Ê®L%Í}Í}Ò!PSLNT4É�ËªLNÈ!È!ÉmPmH
Ú�Ì4Ò6L Ç�Ç ÊQØ�TSÏ!É¼Ð ÉmÌSÍ�ÉmÈ�T»OQÑ²L Å P4O%M¬ÉÛR|ÈAL Å6Ç LQÈ!É�Õ

TYLNPSÊ²LnTSËµO%Ì Å Ï!É}PSÉ�Í�O%È6Ì4R�Ì�TSÌ8R|ÈªT,Ü�O Å LQP�TYÌ}H.Ý
È!É Å LQP�T
R�Ì�TSÏ!É�É}È�TSP4Ê Å Ï6L%Ì�É%Ø Ç O Í}LNT4ÉvÐÆR|ÈÆTSÏ!É?Ò Å6Å ÉmPCLNÈ¬Ð
ËµR�Ð!Ð Ç É/LnT4ËµO�Ì Å Ï6É}PSÉQØ8Ð Ò6P4R�È!Î�ÜEÏ!R�ÍYÏÞTSÏ!É Å PSOQMKÉ¶R�Ì
Å PSONTSÉmÍ�T4ÉmÐ�M�Ê�L�Ñ�PSOQÈ�T²Ì4Ï!R�É Ç Ð�LNÈ6Ð?LNÈ�LnÑtTSÉ}P­Í�OnÖQÉmPmH
Ô©Ï!ÉIR|È!R|T4R�L Ç ÖQÉ Ç O Í�R|T,Ê»ONÑ$T4Ï!É Å P4O%M¬ÉIP4ÉvLQÍYÏ!ÉvÌEÌ�ÉmÖQÉ}PYL Ç
Ù�Ë¶H Ì
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à�Ò!Ê�ÎQÉ}È¬Ì)LQÈ6ÐIJDL Ç R Ç ÉmO Å PSOQMKÉ8PSÉmÌ Å ÉvÍ\TSR|Ö%É Ç Ê á
LNÈ6Ð1T4Ï!É
Å PSOQMKÉDÏ6LQÌ�TSOµM¬É Å PSONTSÉmÍ�T4ÉmÐ¯Ñ�PSOQË�TSÏ!É¨Ì,TSP4O%È!Î²T4Ï!ÉmP�Õ
ËªL Ç!â Ò ã ÉmÌ$ÉmÈ6Í�O%Ò!È�T4É}PSÉmÐ­Ð Ò!PSR�È!ÎDT4Ï!É Å ÉmLQÙIOQÑ&Ð ÉvÍ�É Ç Õ
ÉmPSLNT4R�OQÈÛR|È�TSÏ!É®ËµR�Ð6Ð Ç É»LnTSË­O�Ì Å Ï!É}PSÉQH»ä�Ò!PSR�È!Î¶T4Ï!R�Ì
Å Ï¬LQÌ4ÉQØhT4Ï6É�O%È Ç Ê¨LhÖnLQR Ç LNM Ç É8ÌSÍ�R�É}È�T4R|å¬Í�Ð!LnTYL
LQP4É8T4Ï!O�Ì�É
Ð É Ç R�ÖQÉmP4ÉvÐ³M�ÊæTSÏ!É�LQÍmÍ�É Ç É}PSOQËµÉ}T4É}PYÌ Ç O Í}LNT4ÉvÐçR�È6Ì4R�Ð É
TSÏ!É Å PSOQMKÉQH
Ô©Ï!É�Ì4ÉmÍ}OQÈ6Ð Å LNP4TkR�Ì
T4Ï!É©Ð ÉmÌSÍ�ÉmÈ�T Å Ï¬LQÌ4ÉQØhR|È6RUTSR�LNT4ÉmÐ

ÜEÏ!ÉmÈ­T4Ï!É Å PSOQMKÉ©P4ÉvLQÍYÏ!ÉvÌ)T4Ï!É�Ì4Ò!M6Ì4OQÈ!R�Í�P4ÉmÎQR�Ë¶HkÔ©Ï!É
Ñ�PSOQÈ�TkÌ4Ï!R�É Ç ÐILQÈ6Ð1TSÏ!É�LNÑtT4ÉmPkÍ}OnÖQÉ}PkLNPSÉ8PSÉ Ç ÉmL%Ì�ÉvÐ�H)Ô©Ï!É
Å PSOQMKÉQØ�Ð ÉvÍ�É Ç É}PYLnTSÉmÐªM�ÊªO%È!É�O%P�Ì4É}Ö%É}PYL Ç6Å LNPYLQÍYÏ�Ò T4ÉvÌ}Ø
R�ÌªÐ ÉmÌSÍ�ÉmÈ6Ð R�È!ÎCT4Ï!PSOQÒ!Î%Ï!OQÒ!T²TSÏ!É/Ì,TSPSLNT4O�Ì Å Ï6É}PSÉ×LNÈ¬Ð
TSÏ!É�T4PSO Å O%Ì Å Ï!É}PSÉ ß R]H É�T4Ï!É Ç OnÜ�ÉmP�LNT4ËµO%Ì Å Ï!ÉmP4Éhá.ÜER|T4Ï
L Ç|Ç T4Ï!É�R�È6Ì�T4PSÒ!ËµÉ}È�TSLNT4R�OQÈ�O Å ÉmPSLNT4R�OQÈ!È6L Ç Hèä
Ò!PSR|È!Î
TSÏ!É¨Ð ÉmÌSÍ�ÉmÈ�T Å Ï6LQÌ4ÉQØ�TSÏ!É¨Ð!LnTYLµÐ ÉmÐ R�Í}LNT4ÉvÐ¯TSO­T4Ï!É¨L Ç Õ
TSRUTSÒ6Ð ÉDP4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4R�OQÈ×LNPSÉ�T4ÉmË Å ÉmPSLNT4Ò!PSÉ�LQÈ6Ð Å P4ÉvÌ,Õ
Ì4Ò!PSÉIÐ!LnTYL!H�Ô©Ï!ÉIÏ!O%P4R�é}O%È�TSL Ç ËµONT4R�OQÈ±ONÑ�T4Ï6É Å PSOQMKÉ�Õ
Å LQPSL%ÍYÏ�Ò T4ÉEÌ4Ê�Ì�T4ÉmËêÍmLNÈªMKÉ�P4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4ÉvÐIR�È6Ð É Å ÉmÈ Õ
Ð ÉmÈ�T Ç ÊQØ�Ò6Ì�R�È!ÎIÐ6LnTSL�Ñ�PSOQË3L¨ä
O Å!Å6Ç ÉmP8ëæR�È6Ðªì�ã Å É}PSRUÕ
ËµÉ}È�T ß Ë­O%Ò!È�T4ÉvÐ­LQM¬O�LNPYÐ¨TSÏ!É�JDL Ç R Ç ÉmODLQÈ6Ðµà�Ò!Ê�Î%É}È6Ì
Å PSOQMKÉQØnÌ4É}É8í�R�PSÐDÉ}TkL Ç H�Ø�îmïQï�ðNáKO%P)LNÈ�Ê�ONTSÏ!É}P)R|ËªLNÎ%R|È6Î
R�È6Ì�T4PSÒ!ËµÉ}È�TSÌ�LQÌDä
ñ�ò ó ß ä�ÉvÌ4Í}É}È�TDñqËµLQÎQÉmP\ôQò Å ÉvÍ\TSPSL Ç
ó�L%Ð R�OQËµÉ�TSÉ}PvØ�Ô)OQËªL%Ì�Ù%O²É}T�L Ç H|Ø�îvïQï�ðQá\H
ñqÈ°TSÏ!É Å PSÉmÌ4É}È�T Å L Å É}PvØ�OQÈ Ç Ê�T4Ï6ÉÆÐ6LnTSLõÑ�PSOQË

Ä TSË­O�Ì Å Ï!É}PSR�Í3ò�TSP4Ò6Í�T4Ò!PSÉ3ñqÈ6Ì�T4PSÒ!ËµÉ}È�TSÌ ß Ä ò�ñ;Ñ�OQP
JDL Ç R Ç ÉmOöLQÈ6Ðçà Ä ò�ñ¯Ñ�OQP�à�Ò6Ê�Î%É}È6ÌYá»LNPSÉ±Ò6Ì4ÉmÐ ß Ì4É}Éò�ÉmRU÷ÛÉ�TDL Ç H|Ø)îmïQï%ø!ù6ú6Ò Ç ÍYÏ!R|Î%È!OQÈ6R�É�TDL Ç H|Ø)îmïQï�ðNá�H�Ô©Ï!É
T,Ü�O Å Ï6LQÌ4ÉmÌ.M¬ÉmR|È!Î1Ö%É}PSÊ²Ð R|÷&É}PSÉ}È�TmØQT4Ï!ÉmÊ­LQP4É�T4PSÉmLNT4ÉvÐ
R�È6Ð É Å ÉmÈ6Ð É}È�T Ç Ê%H$Ô©Ï6É Å P4O Í�ÉvÐ Ò!PSÉmÌ�LQÈ6ÐIËµO Ð É Ç Ì�Ò¬Ì�ÉvÐ
Ñ�O%PDT4Ï!ÉªPSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSR|O%È±OQÑ�TSÏ!É®Ð ÉmÌSÍ�ÉmÈ�TILNÈ6ÐCÉ}È�T4PSÊ
Å Ï¬LQÌ4ÉmÌ$LNPSÉ.å6PYÌ�T Å P4ÉvÌ�ÉmÈ%TSÉmÐ�HkÔ©Ï!É}È
ØnT4Ï!É©PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\Õ
TSR|O%È Å PSO Í�ÉvÐ Ò!PSÉmÌ�LNPSÉITSÉmÌ�T4ÉmÐ±Ñ�OQP�T,Ü�O»ÍmLQÌ4ÉmÌmû�Rtá�T4Ï!É
PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSR|O%È×OQÑ$T4Ï!ÉIL%Ì4Í}É}È�T�LNÈ¬Ð�Ð ÉmÌSÍ�ÉmÈ%T Å Ï6LQÌ4ÉmÌ
Ð Ò6P4R�È!Î­T4Ï!É¨à Ä ò�ñEüNý%ý%ü¨M6L Ç�Ç O�O%È¯TSÉmÌ�T ß ú!Ò Ç ÍYÏ!R�ÎQÈ6OQÈ!RÉ}TµL Ç H�Ø�üNý%ýQþ6ù�JDLNMKOQPSRUT­É�T®L Ç H�Ø8üNýQý%þQL�á1LNÈ6Ð?R|Rtá¨T4Ï!É

î



Î Ç O%M6L Ç PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSR|O%È?OQÑ�T4Ï6É�JDL Ç R Ç É}O Å PSOQMKÉ¯TSPSLNÕ
Ó,ÉvÍ\TSOQPSÊ®R|È�ÿ%Ò Å R|T4ÉmP�� ÌELnTSË­O�Ì Å Ï!É}PSÉQH
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Ô©Ï!É²P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ»ONÑ$T4Ï6É²L Ç T4R|T4Ò¬Ð ÉIÐ Ò!PSR�È!ÎªT4Ï6É

Ð!ÉmÌSÍ�É}È�T Å Ï6L%Ì�É­R�ÌDM6LQÌ4ÉmÐ±OQÈ/TSÏ!É­T4ÉmË Å É}PYLnTSÒ!PSÉµLQÈ6Ð
TSÏ!É Å PSÉmÌSÌ4Ò!P4É�Ð!LNTSL6H;Ô©Ï!É�T,Ü�O Ç ÉvLQÐ R�È!Î¼É�(%Ò¬LnT4R�OQÈ¬Ì
LQP4É�TSÏ!É¨Ì,TYLnTSÉ�É�(�Ò6LnTSR|O%È×OQÑ$L­PSÉmL Ç Î�LQÌ�ÎQR�ÖQÉmÈ×M�Ê

PM

ρRT
= 1 + B2(T )

ρ

M
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LNÈ¬Ð¯TSÏ!É1É�(�Ò6LNT4R�OQÈ»ONÑkÏ�Ê Ð PSO%Ì�TSLNT4R�Í�É�(�Ò!R Ç R�M!P4R�Ò!Ë
1

ρ

∂p

∂z
= −gv
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ρ
LNPSÉ1P4ÉvÌ Å ÉmÍ�T4R�ÖQÉ Ç Ê×T4Ï!É Å PSÉmÌSÌ�Ò!PSÉQØ6T4Ï!É

TSÉ}Ë Å É}PYLnT4Ò6P4ÉDLNÈ6Ð¯T4Ï6É�Ð ÉmÈ6Ì4RUT,ÊªOQÑ
T4Ï6É�LNT4ËµO%Ì Å Ï!ÉmP4R�Í
Î�LQÌmH

M
R�Ì�T4Ï!É²Ë­ÉvLNÈ�ËµO Ç ÉmÍ}Ò Ç LNP�ËªLQÌSÌmØ

R = 8.314
J.K−1.mol−1

T4Ï!É�Ò!È!R�ÖQÉmPSÌSL Ç Î�LQÌ�Í�O%È6Ì,TYLNÈ�T�LQÈ6Ð
B2TSÏ!É�Ì4ÉmÍ�O%È6Ð³Ö�R�P4R�L Ç Í}O�É )®Í�R�É}È�T�ONÑITSÏ!É�Î%L%Ì}H
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TSÏ!É®Ö%É}P4T4R�Í}L Ç Í}OQË Å O%È!É}È�T1ONÑ�T4Ï6ÉªÉ�÷&ÉmÍ\TSR|Ö%ÉªÎQPYLhÖ�RUTYLnÕ
TSR|O%È!È6L Ç å6É Ç Ð�Í}L Ç Í}Ò Ç LNT4ÉvÐ?R�ÈöT4Ï!É Å!Ç LNÈ6É�TSLQP4Ê?P4OQTSLnT4Õ
R�È!Î1Ñ�PYLNËµÉ ß R|È6Í Ç Ò¬Ð R|È6Î1T4Ï!É+*�OQPSR|O Ç R�Ì.LNÈ¬Ð­Í}É}È�T4PSR|Ñ�Ò!Î%L Ç
Ñ�O%PSÍ}ÉmÌYá�LNÈ6Ð

z
R�Ì�T4Ï!É¨L Ç TSRUTSÒ6Ð ÉQH

Ú�Ì4R�È!Î1É�(�Ò6LNT4R�OQÈ6Ì©î�LQÈ6Ðªü ØNTSÏ!É�L Ç T4R|T4Ò¬Ð É�R�Ì�P4ÉvÍ�O%È Õ
Ì�T4PSÒ6Í�T4ÉmÐ»Ò6Ì4R�È!Î­T4Ï!É1Ö%É}P4T4R�Í}L Ç Ö%É Ç O�Í}RUT,Ê¯É�(�Ò6LnTSR|O%È�û

4zi = vz,i(ti − ti−1)
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)
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Ô©Ï!É1Ì4Ò!M6ÌSÍ�PSR Å T
i
R�Ì�PSÉ Ç LnTSR|Ö%É�TSO­L²ÖnL Ç Ò!É
O%M TSLQR|È6ÉmÐ

LNT8TSÏ!É
ËµR�Ì4Ì4R�OQÈµT4R�ËµÉ
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R�Ì8T4Ï!É
ÖQÉ}P4T4R�Í}L Ç Ö%É Ç O�Í}RUT,Ê
OQÑDT4Ï!É Å P4O%M¬É}Õ Å LQPSL%ÍYÏ�Ò T4É»Ì�Ê Ì�T4É}Ë¶HAÔ©Ï!É�T4ÉmË Å ÉmPSLNÕ
TSÒ!PSÉ/R�Ì¯LQÌSÌ�Ò!ËµÉvÐ?TSO�MKÉ±Í�O%È6Ì,TYLNÈ�T®MKÉ�T,Ü�É}É}ÈöTSR|ËµÉmÌ
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LNÈ6Ð
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Ô©Ï!É¨É�(�Ò6LnTSR|O%È¶þªÌ4Ï!OnÜ�Ì©TSÏ6LnT�T4Ï!É¨ËµÉvLNÈ¶ËµO Ç ÉmÍ�Ò!Õ

Ç LNP8ËµL%Ì4Ì�LQÈ6Ð²T4Ï!É
Ì�ÉvÍ�OQÈ¬ÐIÖ�R�P4R�L Ç Í}O�É,)®Í�R�É}È�T�Ï6LhÖQÉ�TSO
MKÉ±Ð É}T4ÉmP4ËµR�È!ÉmÐæL%Í}Í�Ò6PSLNT4É Ç ÊQH³Ô©Ï6R�Ì×Ð É�TSÉ}PSË­R�È6LNT4R�OQÈ
PSÉ�(�Ò!R�PSÉmÌ$TSÏ!É�Ù�È!OnÜ Ç ÉmÐ Î%É©ONÑ&T4Ï!É�ÍYÏ!É}ËµR�Í}L Ç Í�O%Ë Å O%Ì4R|Õ
TSR|O%È�ÜEÏ!R�ÍYÏ»R�Ì�Î%R|Ö%É}È»ÜERUTSÏ/LµÎQO�O Ð¶LQÍ}Í}Ò!PYLQÍ�ÊªM�Ê×R|È Õ
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TSP4O%ËµÉ�T4ÉmPmØ�2�R|ÉmËªLNÈ!È¶É�T�L Ç H�Ø�îvïQïQø�á\H
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Í�O�É,)®Í�R�É}È�TYÌ
LQP4É
P4ÉvÍ�OnÖ%É}PSÉmÐ²Ñ�P4O%Ë T4Ï!É Ç R|T�TSÉ}PYLnTSÒ!P4É ß ä
Ê�Ë­O%È6Ð¯LQÈ6Ð
ò Ë­R|T4Ï
Ø
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Ô©Ï!É�T4ÉmP4Ë
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R�ÈIÉ�(�Ò6LnTSR|O%È²þ�PSÉ�(�Ò!R�PSÉmÌkL�ËµO Ð É Ç Ñ�O%P
TSÏ!ÉEÎQPYLhÖ�RUTYLnTSR|O%È!È6L Ç å6É Ç Ð�Ø%R|È¬Í Ç Ò6Ð R�È!ÎDT4Ï!ÉEÙ�È!OnÜ Ç ÉmÐ!ÎQÉ

OQÑ�TSÏ!É Å6Ç LQÈ!É�TµLNÈ!Î%Ò Ç LQP¨ÖQÉ Ç O Í}RUT,Ê
Ω
H±Ô©Ï!É¯Î%PSLhÖ�R|TSLNÕ

TSR|O%È!È6L Ç å¬É Ç Ð¯R�Ì©ËµO�Ð!É Ç�Ç ÉvÐ×Ò¬Ì�R�È!ÎªLµÐ É}Ö%É Ç O Å ËµÉ}È�T©R|È
Ì Å Ï!ÉmP4R�Í}L Ç Ï6LNPSËµOQÈ!R�Í}Ì ß .�O�O%R Ó�ØKîmï%ï!îvá$LQÈ6ÐµPSÉ�TSLQR|È6R|È!Î
O%È Ç ÊÛÉ}Ö%É}È¼TSÉ}PSËªÌ ß R_H ÉQHCÌ4Ê�ËµË­É}T4PSÊ�P4ÉvÌ Å ÉmÍ�T¨T4O±T4Ï!É
É�(%Ò¬LnT4O%P4R�L Ç�Å!Ç LQÈ!Évá�H3Ý
È Ç Ê�Ï6LNPSËµOQÈ!R�Í}Ì
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Ô©Ï!É Ç L%Ì,TÞT4É}PSË ONÑ/É�(�Ò6LnTSR|O%È þ!Ø
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É�(%Ò6R|ÖnL Ç É}È�T Ç Ê?T4Ï!ÉCOQM TYLNR�È!ÉmÐ dP

dt
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ÌSLNË­Õ
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Ò!ÉvÌILQP4É®Ö%É}PSÊÛÍ Ç O�Ì�É%H72�OnÜ1Ø�Í}OQÈ6Ì4R�Ð!É}PSR|È!Î/T4Ï!É×È!OQR�Ì�É
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Ì4ËµO�OQT4Ï dP

dt

Å P4OQå Ç ÉQHªÔ©Ï!É dP
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Å P4OQå Ç É­Ï¬LQÌDTSÏ!É}ÈÛT4O
MKÉDå!T�TSÉmÐ�L%Ð É�(�Ò6LNT4É Ç Ê®TSOªP4É}T4PSR|ÉmÖQÉ1L­P4ÉvL Ç R�Ì�T4R�ÍDÖQÉmP�TSRUÕ
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ÿ%Ò Å R|T4ÉmP�Í}LQÌ4Évá�H
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Tstat

LQÈ6Ð
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LNPSÉ1T4Ï6É²Ì�TSLnTSR�Í1T4É}Ë Å É}PYLnÕ
TSÒ!P4É©LNÈ¬Ð Å PSÉmÌSÌ�Ò6P4É%Ø
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LNÈ6Ð
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LNPSÉ.TSÏ!É�Ë­ÉvLnÕ
Ì4Ò!PSÉmÐöOQÈ!É%H

γad =
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R�ÌªT4Ï!É/PYLnTSR|O¼OQÑDT4Ï!É/Ï6ÉmLnT
ÍmL Å L%Í�R|T4R�ÉmÌ©LNÈ6Ð
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R�Ì�T4Ï!É-.±LQÍYÏ»È�Ò6ËIMKÉ}PvH

úkR|È6L Ç|Ç ÊQØ
T4Ï6É¼P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ³R�Ì Å É}P4Ñ�OQPSË­ÉvÐçÒ¬Ì,Õ
R�È!ÎµL²Ì4R|Ë Å!Ç É�ì.Ò Ç É}PER�È%TSÉ}Î%PSLNT4OQPvØQMKÉmÍmLNÒ6Ì4É
T4Ï!ÉDÖQÉmP�TSRUÕ
ÍmL Ç ÖQÉ Ç O Í�R|T,Ê Å P4OQå Ç É.P4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4R�OQÈ¨Ð!O�ÉvÌkÈ!ONTkR|Ë Å!Ç Ê
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TSÏ!É1ÖQÉ Ç O Í\Õ
R|T,Ê�Ð É�TSÉ}PSËµR|È!ÉvÐ?LNT
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TYL Ç�Ç Ê?Ð!RU÷&É}PSÉ}È�TªONÑ
T4Ï!É¶OQÈ6É¶Ð!ÉmÌSÍ�PSR|MKÉmÐ?Ñ�OQP­T4Ï6É/Ð É�Õ
ÌSÍ�ÉmÈ%T Å Ï6L%Ì�É%H Ä ÌIT4Ï6É×O%È Ç Ê�Ð!LNTSL/PSÉmÍ}É}R�ÖQÉvÐ¼Ð Ò!PSR|È!Î
TSÏ!É¨É}È�TSP4Ê Å Ï6L%Ì�É¨LQP4É1TSÏ!ÉIL%Í}Í�É Ç ÉmP4O%ËµÉ�T4ÉmP�Ð!LnTYL!Ø6T4Ï!É
TSPSLNÓ,ÉmÍ\TSOQPSÊÞPSÉmÍ}OQÈ6Ì�T4PSÒ6Í�T4R�OQÈ³R�Ì»È!OnÜ M6L%Ì�ÉvÐæOQÈçT4Ï!É
É�(%Ò¬LnT4R�OQÈ¬ÌµONÑDË­OQT4R�OQÈ6ÌªÐ!É}PSR|Ö%ÉmÐ?Ñ�P4O%Ë T4Ï6É>2�É}Ü©TSONÕ
È!R�LNÈ Ç LhÜ�Ì}H)Ô©Ï!É8Ì4RUã�É�(�Ò6LnTSR|O%È6Ì�OQÑ�ËµONTSR|O%È1É�ã Å PSÉmÌSÌ�ÉvÐ
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∥

∥

∥
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V̇
−V γ̇
−V cos(γ)χ̇

= C3(−γ)C2(χ)C1( π
2
)

∥

∥

∥

∥

∥

∥
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+
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r
cos(γ)

∥

∥

∥

∥

∥

∥

0
1
cos(γ) cos(χ) tan(δ)

+

Ω2r cos(δ)

∥

∥

∥

∥

∥

∥

sin(γ) cos(δ) + cos(γ) sin(χ) sin(δ)
cos(γ) cos(δ) − sin(γ) sin(χ) sin(δ)
sin(δ) cos(χ)

+

2ΩV

∥

∥

∥

∥

∥

∥

0
cos(δ) cos(χ)
sin(δ) cos(γ) + sin(γ) sin(χ) cos(δ) {@? ~
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rϕ̇ cos(δ)

rδ̇
ṙ

= V

∥

∥

∥

∥

∥

∥

cos(γ) cos(χ)
cos(γ) sin(χ)
− sin(γ)
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LNPSÉ©T4Ï6É�Í�O%Ë Å OQÈ6É}È�TSÌ�OQÑ&T4Ï!É�Î Ç O%M6L Ç LQÍ}Í}É Ç É}P4Õ
LNT4R�OQÈ�OQÑkTSÏ!É Å PSOQMKÉ1R�È¶T4Ï!É Ç O Í}L Ç Ñ�PYLNËµÉ ß Ì4É}É1å¬ÎQÒ!PSÉîhá\H

r
Ø
δ
LQÈ6Ð

ϕ
LQP4É.PSÉmÌ Å ÉmÍ\TSR|Ö%É Ç Ê�TSÏ!É�PSL%Ð R�L ÇQÅ O%Ì4RUTSR|O%È

OQÑ�T4Ï6É Å PSOQMKÉ�PSÉmÌ Å ÉmÍ\T�T4OIT4Ï!ÉDÍ�ÉmÈ%TSÉ}P�ONÑ�ËªLQÌSÌ�ONÑ�T4Ï6É
Å6Ç LQÈ!É�TvØ$T4Ï!É Ç LNT4R|T4Ò6Ð!É×LNÈ¬Ð�T4Ï!É Ç OQÈ!Î%RUTSÒ6Ð É ß P4ÉvÌ Å ÉmÍ�TTSO®TSÏ!É Å PSR|ËµÉ¨ËµÉmP4R�Ð R�LNÈ¬á�H
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Ö%É Ç O Í�R|T,Ê
V

É�ã Å PSÉmÌSÌ�ÉvÐ�R�È?TSÏ!É¶P4OQTSLnTSR|È6Î/Ñ�PYLNËµÉQH
γLQÈ6Ð

χ
LQP4É®Ð!É�å6È!ÉvÐ¼OQÈÛå6Î%Ò!PSÉ/îQH

Ω
R�Ì¨T4Ï!É Å!Ç LQÈ!É�T

LQÈ!ÎQÒ Ç LQP.ÖQÉ Ç O Í�R|T,ÊQHkÔ©Ï!ÉmÌ4É�É�(%Ò¬LnT4R�OQÈ¬Ì.LNPSÉ©R|È�T4ÉmÎQPYLnTSÉmÐ
M�Ê×Ò6Ì�R�È!ÎªLµÌ,TYLNÈ6Ð6LNPYÐ×óEÒ6È!ÎQÉ}ÕBADÒ T4TSL²ËµÉ�T4Ï6O�Ð�H
Ä Ì�Ì�ÉmÉ}È¯R�È»T4Ï!É Å PSÉ}Ö�R�OQÒ6Ì�É�(%Ò¬LnT4R�OQÈ¬Ì}Ø�T4Ï6É1R|Ë Å OQP4Õ

TYLNÈ�T Å OQR�È�T.Ñ�OQP�TSÏ!É�ÉmÈ%TSP4Ê­PSÉmÍ�O%È6Ì�T4PSÒ6Í\TSR|O%È²R�Ì$T4Ï6É
Ð É}Õ
TSÉ}PSËµR|È6LNT4R�OQÈÛONÑ.TSÏ!ÉµÎ Ç OQM6L Ç LQÍ}Í}É Ç É}PYLnTSR|O%È�H¨Ô©Ï!ÉªLQÍ�Õ
Í}É Ç É}PYLnTSR|O%È×Í}LQÈ×MKÉ¨Ì Å!Ç R|TER|È»T,Ü�O­Í}OQÈ�T4PSR�M!Ò T4R�OQÈ¬Ì}ûkT4Ï6É
Î%PSLhÖ�R|TSLNT4R�OQÈ!È6L Ç LNÈ6ÐÞTSÏ!É±LNÉmP4O Ð Ê�È6LQËµR�Í»OQÈ6ÉQH;Ô©Ï6É
Î%PSLhÖ�R|TSLNT4R�OQÈ!È6L Ç Í�O%È�T4PSR|M!Ò!T4R�OQÈ3R�ÌöÍ}L Ç Í}Ò Ç LnT4ÉvÐ3ÜERUTSÏ
TSÏ!É1ËµO Ð É Ç Ð ÉvÌ4Í}P4R�MKÉmÐ®R�È×T4Ï!É Å PSÉ}Ö�R�OQÒ6Ì©Ì4ÉmÍ\TSR|O%È»LQÈ6Ð
TSÏ!É±LQÉ}PSO�Ð!Ê�È¬LNËµR�Í¶Í}OQÈ�T4PSR|M6Ò T4R�OQÈöR�Ì¯Ð R|PSÉmÍ�T Ç Ê?Î%R|Ö%É}È
M�Ê/L%Í}Í�É Ç ÉmP4O%ËµÉ�T4ÉmP�ËµÉmL%Ì�Ò!PSÉ}ËµÉmÈ%TYÌ}H Ä ÌSÌ�Ò6Ë­R�È!Î×R�á
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Ì4ËªL Ç�Ç ÖnL Ç Ò!É�Ñ�OQPkT4Ï!ÉELQÈ!Î Ç É�OQÑKLNT�TSL%ÍYÙ

α
ONÑ¬T4Ï!É Å PSOQMKÉ

Ð!Ò!P4R�È!Î×T4Ï!É­É}È�TSP4Ê Å Ï6L%Ì�É­LNÈ6Ð±R|Rtá
L×Í}OQÈ!R�È!Î¯ËµOQT4R�OQÈ
OQÑITSÏ!É Å PSOQMKÉCR�È6Ð Ò6Í}ÉmÐAM�ÊæT4Ï6R�Ì�LQÈ!Î Ç ÉCOQÑ­LNT�TSL%ÍYÙ&Ø
TSÏ!ÉDLNÉ}PSO Ð Ê�È6LNËµR�Í�Ð ÉvÍ�É Ç É}PYLnTSR|O%È
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Í}LNÈ¯M¬É�L Å!Å PSOhã�Õ
R�ËªLnTSÉmÐ»M�ÊªT4Ï!É1PSÉ Ç LnTSR|O%È�û
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y + a2
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mpr

TSÏ!É1ËªLQÌSÌ
OQÑ�T4Ï!É Å P4O%M¬É%H

ax
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LNPSÉ�P4ÉvÌ Å ÉmÍ�Õ
TSR|Ö%É Ç Ê­T4Ï!É�Lnã R�L Ç LNÈ¬ÐµT4Ï!É�T,Ü�O Ç LNT4É}PYL Ç LQÍ}Í}É Ç É}PYLnTSR|O%È6Ì
ËµÉvLQÌ4Ò!P4ÉvÐ¯M�ÊªTSÏ!É¨LQÍmÍ�É Ç ÉmP4O%Ë­É}T4ÉmPmH

F�G@H$I�JLK4M�N�OQP RTS�U�V�WYX[Z�\^]0_&`[]aXL]abcZ�dfe@_gX[h0\jiTk5l m5n o5n p�n qr_g\^s
t Vu\wv^]r]ax�\zy�{�\}|jbcZ�\w_~]abYX[W�e@_gX[h0\�iTk5l m#orp�qB� s~��P��"SLP���U�]gx�\�Wc`[s
v}X[W'e@_gX[h0\�X[Z�|�]gx�\�Vu` t b ]gbc`�Z���X[_&bYX[��Wc\ t r

l
δ
X[Z�|

ϕ
� s����Q���uS U�,\wWc`�vwb ]�����X[_&bYX[��Wc\ t _&\ t Vu\wvw]�]g`�]ax�\rWc` v}X[W�e�_aX[h0\��

���
�u�
���������L��K7��K��$��I�J�K���K ���L�������L�$G��
K� ¢¡~JL�$��L��K£�$¤ ¤ K ¥@K JL�$��K,�LK J�¦�G��§G@��¨'���L�}G@��¥@K1���© �K JLG@ª$K4����K
 �K��
��GQ�w«
¨�JL�u¬
¥@K$­0����K� �K �
��G��w«®GT��¤ �$����K�¤��LK� 
���¯����K
��¤ ¤,K�¥�K�JL�u��G@�$�¯��«°����K+¡~��¥�¥@�"±0G��
HfJLK ¥T�"�LG�����N

ai =
ρV 2CiSo

2mpr

bQ²#{�l �,l ³ i@´,q
±0��K JLK

So

GT���L��K/¤ J������#�}K�¤��LG����-�u¡��L��K/¨�J�����K�­#����K
�$K JL�� �«����u��G@¤
¤,��K µ�¤ G�K����L�

Ci

�uJLK
 �K,��K�J���G@��K� ¢��«
�'�u�L�6�LI�����K�¥��LK��}�L�°�$�
 ¶�}G@�jI
¥@�u��G@�$�
���$�
 ¶ �K ¨'K �
 ���f�L��K�·+��I
 
�}K���¸

Kn ¹ ¦�º0K�«����$¥T ���¸
Re ¹ �$�
 �»>�$¤[�

��I��f��K�J�­§����K��}K°¤ ��K,µ¯¤,G@K ���L�f �K ¨'K �� £�u¥T�}�§���¼����K�u�}�L��¤[�>�u��H�¥�K��u¡/���
K�¨
J�����K�­
Re

�u�� 
Ma

 �K�¨�K��
 
JLK���¨�K�¤��LG�ª�K ¥@«6���©����K1 �«��
�u��GT¤>ª�GT��¤ ����GQ�w«¶�u�
 ©����K
���$I��� 4��¨�K�K� ½¦�G���¨�¥@«�G���H>�$�¶¾ �°¨
J�G@�$JLGB¾j�����"±0¥@K� �H�K�$¡�����K�I�¨
¨�K�J=�u��������¨���K�J�K�¿ �#ÀrÁ^��¨�JL�u¬�¥�K��u�
 f¤[��K ��Á
GT¤ �$¥�¤,�$��¨'����GQ�LG�����­

Â



0 2000 4000 6000 8000 10000 12000 14000 16000 18000
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

t (s)

ascent floating descent 

   dP/dt   
(mbar.s−1) 

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
205

215

225

235

245

255

265

275

285

295

305

315

325

t (s)

ascent floating descent 

 T
(K) 

úkR�ÎQÒ!PSÉ²ü!û {�ÃYÄ�ÅTÆ ~ ��i]uEZmZY^]xhb,d dP
dt

lh[cZ ´ pab8Z\Xv^_WY`ashb,dIdvgh[]`asv��^]xhb.¦
xhZ\pabzÇh`a�\x}^�� ��{@È�ÉQÊ�ËuÆ ~ �&^_b,uElNb,[_WS^]gh[cb�lh[cZ ´ pab�Z\Xv^�WY`asvb�d¨dhgv[]`ash�E^]xhb.¦)xvZ\pab
Çn`a�\x}^��

Ô©Ï6LQÈ!Ù Ì­T4O�T4Ï6É»PSÉmÍ}OnÖQÉmP4ÉvÐ�Ð É}È¬Ì�R|T,Ê Å PSONå Ç É%Ø.T4Ï6É
Å P4ÉvÌ4Ì4Ò!PSÉ Å P4OQå Ç É¼R�Ì�PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSÉmÐALQÌSÌ�Ò6Ë­R�È!ÎöT4Ï6É
Ï�Ê Ð PSO%Ì�TSLNT4R�Í�É�(�Ò!R Ç R�M!PSR|Ò6Ë LQÈ6Ð-T4Ï6ÉºT4ÉmË Å ÉmPSLNT4Ò!PSÉ
Å P4OQå Ç É
R�Ì�Ð ÉvÐ Ò6Í�ÉvÐ®M�Ê­Ë­ÉvLNÈ6Ì�ONÑ�TSÏ!É�R�Ð ÉvL Ç Î%L%Ì Ç LhÜ1H
Ô©Ï6ÉÛÒ¬Ì�É�ONÑIT4Ï!É�R�Ð ÉmL Ç Î�LQÌ Ç LhÜ R|Ë Å!Ç R�ÉmÌ¶L Ç Ì�OÞT4Ï6É
Ù�È!OnÜ Ç ÉmÐ!ÎQÉ»ONÑ�TSÏ!É¶Ò Å!Å É}P®LNT4ËµO%Ì Å Ï!ÉmP4É�� Ì­ÍYÏ!É}ËµR�Í}L Ç
Í}OQË Å O%Ì4RUTSR|O%È�H
Ú�Ì4R�È!Î LNÈ-LQÐ É�(�Ò6LnTSÉÌ3�ÕqÔ Å P4OQå Ç É ß Ì�ÉmÉ�M¬É Ç OnÜ

Ñ�O%PÞÿ%Ò Å R|T4ÉmP�� Ì?ÍmLQÌ4Évá\Ø¯T4Ï!É;ÍYÏ!É}ËµR�Í}L Ç Í�O%Ë Å O%Ì4R|T4R�OQÈ
R�ÌªÐ ÉmP4R�ÖQÉvÐ¼R|È�TSÉ}ÎQPYLnTSR|È6Î/T4Ï6É»É�(�Ò6LnTSR|O%È?ONÑ�Ð RU÷&Ò6Ì4R|O%È
ß ÍYÏ6LNË²M¬ÉmP Ç LNR�È�Ø�îvïQø�ðQá\û

φi = −niDi

( 1

ni

∂ni

∂z
+

1

Hi
+

1

T

∂T

∂z

)

− niK
( 1

ni

∂ni

∂z
+

1

H
+

1

T

∂T

∂z

) { � � ~

φi

R�Ì×T4Ï6É Ç O Í}L Ç ÖQÉmP�TSR�ÍmL Ç�â Ò ã³ONÑ1TSÏ!ÉÛRUÕ_T4ÏAÍ�OQÈ!Õ
Ì�T4R|T4Ò6É}È�TmØ

ni

R|TSÌ1È�Ò!Ë²M¬ÉmPIÐ É}È¬Ì�R|T,ÊQØ
Hi

RUTYÌ Å PSÉmÌSÌ�Ò!PSÉ
ÌSÍ}L Ç ÉªÏ6É}R�ÎQÏ�TmØkLNÈ6Ð

Di

RUTYÌ1ËµO Ç ÉmÍ}Ò Ç LQP¨Ð R|÷KÒ6Ì4R�OQÈ¼Í�OQÕ
É )®Í�R�É}È�T¨R|ÈCT4Ï6ÉµÌ4Ò!PSP4O%Ò!È6Ð R�È!Î»Î%L%Ì}H

K
R�Ì�T4Ï6É­ÉvÐ!Ð Ê

Ð!RU÷&Ò6Ì4R|O%ÈAÍ}O�É )®Í�R�É}È�T»LQÈ6Ð
H

R�Ì×T4Ï6ÉÛLNT4ËµO%Ì Å Ï!ÉmP4R�Í
Å P4ÉvÌ4Ì4Ò!PSÉDÌSÍ}L Ç É�Ï!ÉmR|Î%Ï%TvH

�æ��£	� ¿  °¢ ¿ Á Á��
��£	� ¿   ¡
�
£&À ¿ �%  ¡6Â
£K  Ã�À ¿Í À.¡ö �Î��ÐÏA�ÌÑ ¾�ÒrÓÔÓzÒ ��¢r���,À©À ¿  ��
�% 
Ô©Ï!ÉEÐ!LNTSL
P4ÉvÍ�OnÖQÉmP4ÉvÐ1Ð Ò!PSR|È6Î�TSÏ!É�à Ä ò�ñ$üNý%ý%üEM¬L Ç Õ

Ç O�OQÈæTSÉmÌ�T¯Ü�É}PSÉ/Ò6Ì4ÉmÐ�TSO¼T4ÉvÌ,T×T4Ï!ÉCP4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ
Å P4O Í�ÉvÐ Ò!PSÉ±Ñ�O%P¯TSÏ!É¼Ð ÉmÌSÍ�ÉmÈ�T Å Ï¬LQÌ4ÉQH Ô©Ï!R�Ì¶P4ÉvÍ�O%È Õ
Ì�T4PSÒ6Í�T4R�OQÈ¶R�Ì�É�ã Å!Ç LNR�È!ÉmÐ»M�Ê»JDLQM¬O%P4R|T�É�T
L Ç H ß üNý%ýQþ%L%áLQÈ6Ð»OQÈ Ç ÊªTSÏ!ÉDå6È6L Ç P4ÉvÌ�Ò Ç TSÌELQP4É Å PSÉmÌ4É}È�TSÉmÐ×Ï!É}PSÉQH
Ô©Ï!É dP

dt

Å PSONå Ç É�O%M TSLQR|È6ÉmÐµÑ�PSOQË Å PSÉmÌSÌ�Ò6P4É�Ð6LnTSLIR�Ì
Å P4ÉvÌ�ÉmÈ%TSÉmÐ
å6Î%Ò!P4É8ünÕ Ç É�ÑtTvH Ä Ì�T4Ï6É dP

dt

Ì�R�ÎQÈ6L Ç Ü©LQÌ�Ö%É}PSÊ
È6OQR�Ì�Ê%Ø¬R|T�Ü©LQÌ
Ì�ËµO�ONTSÏ!ÉmÐ/Ò6Ì�R�È!Î¯L¯P4Ò6È!È!R�È!Î¯LhÖQÉmPSLQÎQÉ
O%È

16
Ð!LNTSL©OQP�O%È

8
Ì ß Ì4LQË Å6Ç R�È!ÎEPYLnT4É%û

2
à�évá�H)Ô©Ï!ÉmÈ�Ø

TSÏ!R�Ì Å PSONå Ç É.Ü©LQÌ
R|È�TSÉ}ÎQPYLnTSÉmÐ
T4O�P4É}T4PSR|ÉmÖQÉ8L�Ì4ËµO�ONT4Ï6ÉmÐ
Å P4ÉvÌ4Ì4Ò!PSÉ Å PSONå Ç É×L%Ð É�(�Ò6LNT4ÉªTSOCÐ ÉmP4R�ÖQÉªTSÏ!É»ÖQÉ}P4T4R�Í}L Ç

Ö%É Ç O�Í}RUT,Ê Å PSONå Ç ÉQH�Ô©Ï!É�TSÉ}Ë Å É}PYLnT4Ò6P4É Å PSONå Ç É/Ò¬Ì�ÉvÐ
Ñ�O%P©T4Ï!É1PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSR|O%È¯R�ÌEÌ�Ï6OnÜEÈ¯å6Î%Ò!PSÉ1ünÕ_PSR�ÎQÏ�TmH
Ô©Ï!É
L%Ì4Ì4Ò!Ë Å TSR|O%È6Ì8LQÈ6Ð Å LQPSLQË­É}T4ÉmPSÌ�Ò¬Ì�ÉvÐµÑ�OQP8T4Ï!É

PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSR|O%È×LQP4É%û
•
TSÏ!ÉILNT4ËµO%Ì Å Ï!ÉmP4R�ÍDÎ%L%ÌER�Ì�Ü�É Ç|Ç Ð ÉmÌSÍ�PSR�M¬É1M�Ê×T4Ï!É
R�Ð ÉvL Ç Î%L%Ì Ç LhÜ ß B2(T ) ρ

M
∼ 0

á�H
•
TSÏ!ÉµLnT4ËµO�Ì Å Ï6É}PSR�ÍIÎ%LQÌ�R�Ì�R|ÈCÏ�Ê Ð PSO%Ì�TSLNT4R�Í¨É�(%Ò6RUÕ
Ç R�M!P4R�Ò!Ë¶H

• M = 28.96
Î6H Ë­O Ç

−1
Ø

γad = 1.4
Ø

Ω =
7.2921×10−5

PSL%Ð�H Ì
−1

LNÈ¬Ð
J2 = 1.08×10−3

H
úkR|Î%Ò!P4ÉÞþnÕ ß Ç É�ÑtTYá±Ì�Ï6OnÜ�Ì�T4Ï6ÉÞÐ R|÷KÉmP4ÉmÈ6Í�É

∆z
MKÉ�Õ

T,Ü�É}ÉmÈ®T4Ï6ÉDÐ!É}PSR|Ö%ÉmÐ¯L Ç TSRUTSÒ6Ð É1LNÈ¬Ð®TSÏ!É1L Ç T4R|T4Ò6Ð É Å PSONÕ
Ö�R�Ð ÉmÐ�M�ÊÛT4Ï!É×OQÈ Õ�MKO%LNPYÐ¼J:3�ò¼Ì4Ê Ì,TSÉ}Ë Ð Ò!PSR|È!Î/T4Ï!É
ÜEÏ!O Ç É â R�ÎQÏ�TmH¼Ô©Ï!R�ÌµÐ RU÷&É}PSÉ}È¬Í�É¯R�ÌµÌ�É}T²TSO

0
LnT²T4Ï!É

MKÉ}Î%R|È!È6R|È!Î¯ONÑ$T4Ï!É â R|Î%Ï�TmH�Ô©Ï!ÉIÐ!RU÷&É}PSÉ}È6Í}É¨OQM!TSLNR�È!ÉvÐ
Ð Ò6P4R�È!Î³TSÏ!É�LQÌSÍ�É}È�T Å Ï6LQÌ4É?R�ÌÛÖQÉ}PSÊÆÌ�ËªL Ç�Ç LNÈ6ÐõR�Ì
R�È6Í�PSÉmL%Ì�R�È!ÎCÜEÏ!É}È?T4Ï!É�L Ç T4R|T4Ò¬Ð É¶R�Ì­PSÉmLQÍYÏ6R|È!ÎÛLNMKOQÒ T
18− 20

Ù�Ë¶H
Ô©Ï!R�Ì�R�È6Í}P4ÉvLQÌ4É¨Í}LNÈ±M¬É­LnT�TSP4R�M!Ò TSÉmÐ/T4O
Ò!È¬LQÍ}Í}Ò!PYLQÍ�R�ÉmÌ©R�ÈCJ:3�ò/Ð!LnTYL®LNMKOnÖQÉDTSÏ!É²L Ç TSRUTSÒ6Ð ÉIOQÑ
18

Ù�Ë¶H­ñqÈÛÑcL%Í\TmØ)RUT1R�ÌDT4Ï6É­ËªLNã�R�ËIÒ6Ë5L Ç T4R|T4Ò6Ð!ÉµÑ�OQP
L­È!O%Ë­R�È6L Ç Ñ�Ò!È6Í\TSR|O%È!È!R�È!ÎµONÑ$È!OQÈ!Õ_ËµR Ç R|TSLQP4Ê¯J:3�ò×PSÉ�Õ
Í}É}R�ÖQÉ}PYÌmH)ä
Ò!P4R�È!Î�T4Ï6É�Ð ÉmÌSÍ�ÉmÈ%T Å Ï¬LQÌ4ÉQØNTSÏ!É�Ð R|÷KÉmP4ÉmÈ6Í�É
∆z

R�Ì8Ð!RU÷&É}PSÉ}È�T.TSÏ6LNÈµTSÏ!É�O%È!É�OQM¬Ì�ÉmP4Ö%ÉmÐ­Ð Ò!PSR|È!Î¨T4Ï!É
L%Ì4Í}É}È�T Å Ï6L%Ì�É%HkÔ©Ï¬LnT�ËµÉvLNÈ6Ì8T4Ï6LNT8TSÏ!É}PSÉ�R�Ì8LQÈ¯LQÐ!Ð!RUÕ
TSR|O%È!È6L Ç Ì�O%Ò!PYÍ�É¨OQÑ.É}PSP4O%PEÑ�OQP
T4Ï!É²P4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4R�OQÈ�OQÑ
TSÏ!É¨Ð ÉmÌSÍ�ÉmÈ�TmH
Ô©Ï!ÉæLNÈ6L Ç Ê Ì4R�Ì�OQÑ¯TSÏ!É³LnT4T4R|T4Ò6Ð ÉçONÑ¯TSÏ!É Å PSOQMKÉ�Õ

Å LQPSL%ÍYÏ�Ò T4É®Ì4Ê�T4É}Ë ß JDLNMKOQPSRUT­É�T­L Ç HÛüNýQý%þNM¬á¨Ì�Ï!OnÜ�Ì
TSÏ6LnT�TSÏ!ÉEËµÉmLNÈ Å É}È6Ð!Ò Ç LQP.ËµONTSR|O%È²Ü©LQÌ$Ö%É}PSÊIÌ,TSP4O%È!Î6Ø
Ç ÉmL%Ð R|È6ÎDT4O1R�È6Í Ç R|È¬LnT4R�OQÈ¬Ì.MKÉ�T,Ü�É}É}È

20o
LNÈ¬Ð

40o
Ð Ò6P�Õ

R�È!ÎÛT4Ï!É¶å¬PSÌ�T
300

ÌªOQÑ�T4Ï6É/Ð ÉmÌSÍ�ÉmÈ%T Å Ï6LQÌ4ÉQH³Ô©Ï!R�Ì
Ì�T4PSOQÈ!Î Å É}È6Ð Ò Ç LQP®ËµONT4R�OQÈöR�È6Ð Ò6Í}ÉmÐ�Ð Ê�È6LNËµR�Í}L Ç É�ÑtÕ
Ñ�ÉvÍ\TSÌ�ÜEÏ!R�ÍYÏ¯Ð R�Ð Å ÉmP�TSÒ!M6LnTSÉ�TSÏ!É Å P4ÉvÌ4Ì4Ò!PSÉ�ËµÉmL%Ì�Ò!PSÉ�Õ
ËµÉ}È�TYÌ}Ø.Ð Ò6P4R�È!Î/TSÏ!É×å6PSÌ�T

300
Ì²ONÑ�TSÏ!É×Ð!ÉmÌSÍ�É}È�T­OQP

Ñ�O%PIL Ç T4R|T4Ò6Ð!ÉmÌ¨MKÉ�T,Ü�É}ÉmÈ
22

LNÈ¬Ð
32

Ù�Ë ß Ì�ÉmÉµå6ÎQÒ!PSÉ
þNÕ ß P4R�ÎQÏ�TYá4á\HæÔ©Ï!R�Ì Å É}PSR|O ÐöÍ�OQPSPSÉmÌ Å O%È6Ð!Ì­É�ã!LQÍ�T Ç Ê¼T4O

Õ



0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
−100

−80

−60

−40

−20

0

20

40

60

80

100

z (km)

ascent

descent 

∆   z 
(m) 

0 400 800 1200 1600 2000 2400 2800 3200
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

t (s)

  z  
(km) 

úkR�ÎQÒ!PSÉ1þ!û ÃQÄ ÅTÆm�!dv` ½%b,[cb,sh�,b
∆z

XQbq^t¦�b,b,s�^]xhb.dhb,[]` ��b,dDWYp ^_` ^]ghdhb8WYshd�^_xhb�Z\svb8�\` ��b,s
X}y�^]xhb8·$�&j
icyvic^_b,uÞdhgh[c`ash�©XNZY^_x
^_xhb.WYi]�,b�s�^kWYshd�^]xhb
dhb,i_�,b,s}^klhxnWYi_b,i�� �~È�ÉQÊ�Ë"Æm� [cb,�,Z\shi]^][]gv�,^]b,dIWYp ^_` ^]ghdhbE{|`as�«}u ~ ��b�[ci_gvi)dhb,i]��b,s�^k^]`auEb�{|`as�i ~ �6¤�xhb$^]`auEb$`ai�i_bq^
b�z}gnWYp�^]Z

0
WS^
lh[cZ\XNb.[]b,pab�WYi_b\�

TSÏ!É±Ì�T4PSOQÈ!Î�Ð ÉvÍ�PSÉmLQÌ4É¶ONÑ
∆z

LnTµT4Ï!É±M¬ÉmÎQR�È!È!R�È!Î�ONÑ
TSÏ!É¨Ð ÉvÌ4Í}É}È�T Å Ï6L%Ì�É%H
Ä TµT4Ï!É¶ÉmÈ6Ð?OQÑ�TSÏ!É�Ð ÉmÌSÍ�ÉmÈ%TvØ�T4Ï6É»Î Ç O%M6L Ç Ð R|÷&É}P4Õ

ÉmÈ6Í�É�R�Ì�LQM¬O%Ò T
160

Ë ß +70
Ë LNT�TSÏ!É
MKÉ}Î%R|È6È!R|È6ÎIONÑ

TSÏ!É²Ð!ÉmÌSÍ�É}È�T
LQÈ6Ð
−90

Ë(LnTETSÏ!ÉIÉmÈ6Ð6á\ØKR|Ñ.J:3�ò¶Ò!È Õ
L%Í}Í}Ò!PSL%Í�R�ÉmÌELQP4ÉDR�È6Í Ç Ò6Ð ÉvÐ�H�Ô©Ï6É}È»T4Ï!ÉIP4É Ç LNT4R�ÖQÉDÉ}PSP4O%P
R�Ì²ÖQÉ}PSÊCÌ4ËªL Ç�Ç LQÈ6Ð Ç ÉvÌ4Ì¨T4Ï6LQÈ

0.5 Ö Ñ�OQP¨TSÏ!É¯ÜEÏ6O Ç É
Ð!ÉmÌSÍ�É}È�TvH4*�OQÈ6Ì4É�(�Ò!ÉmÈ%T Ç Ê%Ø�TSÏ!É¯PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSR|O%È Å P4OQÕ
Í}ÉmÐ Ò6P4É�Ì4É}ÉmËªÌ$T4O1MKÉ�Ö%É}PSÊILQÍmÍ�Ò!PYLnTSÉ�Ñ�O%P.TSÏ!É�Ð ÉvÌ4Í}É}È�T
Å Ï6LQÌ4ÉQH

−0.04 −0.03 −0.02 −0.01 0 0.01 0.02
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

ε 

  z  
(km) 
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Ô©Ï!ÉDå6Î%Ò!PSÉ Õ Ì�Ï6OnÜ�Ì8TSÏ!É¨Í�O%P4PSÉmÌ Å OQÈ6Ð R�È!Î²P4É Ç LNT4R�ÖQÉ
ÉmP4PSOQP�OQÈ±T4Ï!ÉªÐ ÉmÈ6Ì4RUT,Ê%Ø&T4Ï!É Å PSÉmÌSÌ�Ò!PSÉ²LQÈ6Ð±T4Ï!É²T4ÉmË²Õ
Å É}PYLnTSÒ!PSÉIÐ Ò!PSR|È6ÎªT4Ï!É²ÜEÏ!O Ç ÉIÐ ÉvÌ4Í}É}È�TmH�ñqÈ¶T4Ï!R�Ì
ÍmLQÌ4É
TSO�O6ØvT4Ï!É�ËµÉmLNÈ1PSÉ Ç LnTSR|Ö%ÉmÌ�ÉmP4PSOQPYÌ�LNPSÉ�ÖQÉmP4Ê�Ì�ËªL Ç|Ç û Ç ÉmÌSÌ
TSÏ6LNÈ

3 Ö Ñ�OQP
T4Ï!É Å P4ÉvÌ4Ì4Ò!PSÉ.LNÈ6Ð1T4Ï!É�Ð É}È6Ì4R|T,Ê�LQÈ6Ð Ç ÉmÌSÌ
TSÏ6LNÈ

1 Ö Ñ�OQP©TSÏ!ÉDT4ÉmË Å É}PYLnTSÒ!PSÉQH

×�¿   ¡�Ø ¢ ¿ ÁÚÙ©�
��£	� ¿   ¡
�
£&À ¿ �%  ¡6Â
£K  Ã�À ¿
Â
��Ã ¿�ÛÝÜ ¢r��Ã}�}��ÀõÁ�¢)  ¢�Þ

Ô©Ï!É²Ð!ÉmÌSÍ�É}È�TDONÑ�TSÏ!ÉµJDL Ç R Ç É}O Å P4O%M¬É²R|ÈÛÿQÒ Å RUTSÉ}P�� Ì
LNT4ËµO%Ì Å Ï!ÉmP4ÉDÍ}LQÈ×MKÉ¨Ð R�Ö�R�Ð ÉvÐ×R�È»T4Ï!PSÉ}É1Ì4É�(�Ò!ÉmÈ6Í�ÉvÌ}û
•
TSÏ!É¯ÉmÈ�T4PSÊ Å Ï6LQÌ4É¯ÜER|T4ÏöL/ËµR�ÌSÌ4R|O%È�T4R�Ë­É

t
MKÉ�Õ

T,Ü�É}ÉmÈ
−240.555

LNÈ6Ð
0
Ì}H

•
L¼Í}OQÈ!È6É�ã R|O%È Å Ï6LQÌ4É ß 0 < t < 16.2

ÌSá®Ð Ò!P4Õ
R�È!Î×ÜEÏ!R�ÍYÏ±T4Ï!É­OQÈ Ç Ê/Ð!LNTSL×LhÖhLQR Ç LNM Ç É²R�Ì�LNÈÛLhÖ%Õ
ÉmPSLQÎQÉ¨OQÑ�T4Ï!ÉªL%Í}Í�É Ç ÉmPSLNT4R�OQÈ�Ð Ò!PSR�È!Î¯TSÏ!É Å ÉmP4R�O Ð
0.02 < t < 16

Ì}H9Ô©Ï!R�Ì Å Ï6LQÌ4ÉCÏ¬LQÌ×T4O�MKÉ
Ì4R�ËIÒ Ç LnTSÉmÐ�Ø�TSLQÙ�R|È!Î­R�È%TSO­L%Í}Í}OQÒ!È�T8TSÏ!É1Ð R|÷KÉmP4ÉmÈ%T
ÉmÖQÉmÈ%TYÌ ß Å LNPYLQÍYÏ�Ò TSÉ²O Å ÉmÈ!R�È!Î6Ø�LNÑtT4É}P1Í}OnÖQÉ}PDLNÈ¬Ð
Ñ�PSOQÈ�T�Ì4Ï!R|É Ç Ð»PSÉ Ç ÉmL%Ì�Éhá\H

•
TSÏ!É¨Ð ÉvÌ4Í}É}È�T Å Ï6LQÌ4É�Ñ�OQP

t > 16.2
ÌmH

Ô©Ï!É±È¬LhÖ�R�Î%LNT4R�OQÈ�TSÉmLNË OQÑ1T4Ï!É¼JDL Ç R Ç ÉmO?ËµR�ÌSÌ4R|O%È
Î�LhÖQÉ8Ö%É}PSÊ¨LQÍmÍ�Ò!PYLnTSÉ8R�È!RUTSR�L Ç Í�O%È6Ð R|T4R�OQÈ6Ì�Í}OQPSP4ÉvÌ Å OQÈ6Ð Õ
R�È!Î1TSO1T4Ï!É�L Ç T4R|T4Ò6Ð!É

450
Ù�Ë3LNMKOnÖQÉ�T4Ï!É

1
M¬LNP Ç É}Ö%É Ç H

í�Ò TETSÏ!É1ËµR�ÌSÌ�R�OQÈ»TSR|ËµÉ1Ü©LQÌ©È!OQT�Ü�É Ç|Ç Ð!É�T4ÉmP4ËµR�È!É ß î
σ
É}PSP4O%Pmû

26
ÌYá\Hz*�OQÈ6Ì4É�(�Ò!ÉmÈ�T Ç ÊQØhT4ODÏ6LhÖ%É�LQÈ²L Ç TSRUTSÒ6Ð É

PSÉ�Ñ�ÉmP4ÉmÈ6Í�É%Ø�T4Ï6É¼P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ³OQÑITSÏ!ÉÛT4PYLnÓ,ÉmÍ�T4O%P4Ê
OQÑ8T4Ï6É Å P4O%M¬ÉµÏ6L%Ì�T4O¶MKÉªR|È!R|T4R�LnTSÉmÐÛM�Ê�T4Ï6É®Ð ÉmÌSÍ�ÉmÈ%T
Å Ï¬LQÌ4É¨P4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4R�OQÈ¶TSO×Ì4É�T
T4Ï!É²P4É}Ñ�É}PSÉ}È6Í}ÉILnT
T4Ï!É
1
M6LQP Ç É}ÖQÉ Ç H�Ô©Ï!É}È
Ø6TSÏ!ÉIÍ�O%È!È!É}ã�R�OQÈ Å Ï6L%Ì�ÉIR�Ì�Ì4R�ËIÒ Õ

Ç LnTSÉmÐ�HIúkR�È6L Ç�Ç ÊQØ&T4Ï6É²ÉmÈ%TSP4Ê Å Ï6LQÌ4É²R�Ì�P4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4ÉvÐ
TYLNÙ�R|È6ÎIR�È%TSO­L%Í}Í}OQÒ!È�T8TSÏ!ÉDÍ�OQÈ¬Ì,TSPSLQR|È�TSÌ8ÎQR�ÖQÉmÈ¯M�Ê­T4Ï!É
È6LhÖ�R�Î%LNT4R�OQÈIÐ!LNTSLDLNÈ¬ÐIM�Ê1TSÏ!ÉEP4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4R�OQÈ²ONÑ¬T4Ï!É
Ð ÉvÌ4Í}É}È�T�LNÈ6Ð»Í�O%È!È!É}ã�R�OQÈ Å Ï6L%Ì�ÉvÌ}H

�
���������	���=�#�
���
Ô©Ï!ÉµÐ ÉmÌSÍ�ÉmÈ%T Å Ï6L%Ì�É²R�Ì�PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSÉmÐ�Ò¬Ì�R�È!Î×T4Ï!É

TSÏ!P4ÉmÉ1LhÖhLQR Ç LNM Ç É1Ì4É�TSÌ©OQÑ Å P4ÉvÌ4Ì4Ò!PSÉ�Ð!LNTSL�3�î%Ø�3�üµLNÈ¬Ð38þ6ØELNÈ6ÐÞT4Ï6É�T,Ü�O�LhÖnLQR Ç LNM Ç É�Ì�É}TSÌ¯ONÑ�T4É}Ë Å É}PYLnTSÒ!P4É
Ð!LNTSL1ÔDî�LQÈ6ÐªÔ�ü ß Ì�ÉmÉ
ò�É}R|÷¶É�T�L Ç H�Ø6îvïQï%ø!ù$3�ä�òªÐ6LnTSL
LQPSÍYÏ!R�ÖQÉhá\H¼Ô©Ï!É¶Í�O%P4PSÉmÌ Å O%È6Ð R�È!Î dP

dt

LNÈ6Ð�T4É}Ë Å É}PYLnÕ
TSÒ!P4É Å PSONå Ç ÉmÌ8Ò6Ì�ÉvÐªÑ�O%P.T4Ï6É
PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\TSR|O%È®LNPSÉ Å PSÉ�Õ
Ì4É}È�T4ÉvÐ®å¬ÎQÒ!PSÉ-ß H

ß
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úkR�ÎQÒ!PSÉ-ß û ÃQÄ ÅTÆ}�!i_uEZ}ZY^_xhb,d dP
dt

lh[cZ ´ pab��|Z\[�^]xhb�dhb,i]��b,s�^klvxnWYi_b��~È�ÉYÊ�ËuÆ}��^_b,uElNb,[_WS^]gh[cb.lh[]Z ´ pab8dvgh[]`asv�©^_xhb�dvb�i]�,b�s�^)lhxnWYi_b\�
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initial altitude =19.0 km 

final altitude =−135.24 km 

  z  
(km) 

úkR�ÎQÒ!PSÉ®à6û ÃYÄ�ÅTÆ}����b,[�^_`a��WYp���b,paZm�,` ^ty»{|`asªuD� i
−1
~ ��b,[]i]ghi�^]`auEbD{�`asµi ~ dhgv[]`ash�1^]xhb�dhb,i_�,b,s}^�lhxnWYi_b\�²¤�xhb�dnWY[]«²pa`ashb�i_xhZ�¦
i�^]xhb�^]xhb,Z\[cb,^]`a��WYp

^_b,[cuE`asnWYp�i_lNb,b,d�� �~È�ÉYÊ�ËuÆ}� dhb,dhgh�,b,d1WYp ^]` ^_ghdvb8lv[]Z ´ pabE{|`as
«}u ~ ��b,[]i]ghi)^]`auEb�{|`as
i ~ �

Ä Ì­É}ã Å6Ç LQR|È!ÉvÐ�MKÉ�Ñ�O%P4É%Ø$T4Ï!R�Ì dP
dt

Å PSONå Ç É¯Ü©LQÌ²OQM!Õ
TYLNR�È!ÉmÐ×M�Ê¯Ì4Ë­O�OQT4Ï!R�È!Î²T4Ï!ÉDPYLhÜ Å P4OQå Ç É
ÜER|T4Ï�L²P4Ò!È!Õ
È6R|È!Î®LhÖ%É}PYLNÎ%É�OQÈ§ß­Ð!LnTYLIÑ�O%P�T4Ï!Éá3�ü­Ì4R|Î%È6L Ç LQÈ6Ð×OQÈ
îvýµÐ!LnTYLIÑ�O%P038þªÌ4R|Î%È6L Ç Ø ÜEÏ!R�ÍYÏ×R�Ì©ËµOQPSÉDÌSÍ}LNT�TSÉ}PSÉmÐ�H
Ô)O LQÍYÏ!R�É}Ö%É-T4Ï!É5P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ�ØÆTSÏ!É5ËµÉvLNÈ

ËµO Ç ÉvÍ�Ò Ç LNP¼ËªLQÌSÌ¼Ü©LQÌ¼Ð ÉmP4R�ÖQÉvÐºÑ�PSOQË T4Ï!É;ÍYÏ!É}ËµR|Õ
ÍmL Ç Í�OQË Å O%Ì4RUTSR|O%ÈªÐ É�TSÉ}PSË­R�È!ÉvÐ­Ñ�P4O%ËõTSÏ!É�3z.±ò ß 2�R�É�ÕËªLQÈ!È¼É�T²L Ç H�Ø�îmïQï%ø%á�H¯Ô©Ï!É®PSÉmL Ç Î%L%ÌDÉ�(�Ò6LnTSR|O%È�Ü�L%Ì
Ò¬Ì�ÉvÐ�Ø�ÜERUTSÏ×LIÌ4ÉmÍ}OQÈ6ÐµÖ�R�P4R�L Ç Í�O�É,)®Í}R|ÉmÈ%T©Ð É�TSÉ}PSËµR|È!ÉvÐ
Í}OQÈ6Ì4R�Ð É}PSR|È6Î�OQÈ Ç Ê/TSÏ!ÉªT,Ü�O�ËµLNÓ,OQP¨Í}OQÈ6Ì�T4R|T4Ò!ÉmÈ�T

H2LQÈ6Ð
He

HkÔ©Ï!É�Ï�Ê Ð PSO%Ì�TSLNT4R�Í�É�(�Ò!R Ç R|M!PSR�Ò!ËÆR�Ì$LQÌSÌ4Ò!ËµÉmÐ
LQÈ6Ð±T4Ï!ÉµÎQPYLhÖ�RUTYLnTSR|O%È!È6L Ç å6É Ç Ð/R�ÌDËµO Ð É Ç�Ç ÉvÐ±Í}OQÈ6Ì4R�Ð Õ
ÉmP4R�È!ÎöT4Ï6ÉmÌ4É Å LNPYLNËµÉ�TSÉ}PYÌ}û

J2 = 1.4736 × 10−2
Ø

J4 = −5.89× 10−4
Ø
Ω = 1.7585× 10−4

PYLQÐ�H Ì
−1

Ø
ÿ%Ò Å R|T4ÉmP�� ÌöËªLQÌSÌ

Mj = 1.8986 × 1027
Ù�Î LQÈ6Ð

ÿ%Ò Å R|T4ÉmP�� Ì1É�(%Ò¬LnT4O%P4R�L Ç PYLQÐ R�Ò6Ì1LNT
P = 1

M6LQP
RJ =

71492
Ù�Ë¶H/Ô©Ï!É

1
M6LQP Ç É}Ö%É Ç R�ÌIÍ}OQÈ6Ì4R�Ð!É}PSÉmÐCT4O/MKÉ

LQÈ¶É Ç�Ç R Å Ì4OQR�Ð¯ÜER|T4Ï»T4Ï6É1É�ã!Í�ÉmÈ%TSP4R�Í�R|T,Ê
e = 0.35430

H
úkR|Î%Ò!PSÉ�à Å PSÉmÌ4É}È�TkT4Ï!ÉEPSÉmÍ}OQÈ6Ì�T4PSÒ6Í�T4ÉmÐIÖQÉmP�TSR�ÍmL Ç ÖQÉ}Õ

Ç O Í�R|T,Ê Å PSONå Ç É ß Ç É}ÑtTYá$LQÈ6Ð1TSÏ!ÉEÐ ÉmÐ Ò¬Í�ÉmÐ­L Ç T4R|T4Ò¬Ð É Å P4OQÕ
å Ç É ß PSR|Î%Ï%T\á\HkÔ©Ï!É.TSÏ!É}O%P4É}T4R�Í}L Ç T4É}PSËµR|È¬L Ç Ì Å É}ÉvÐDONÑ T4Ï6É
Å P4O%M¬É}Õ Å LQPSL%ÍYÏ�Ò T4ÉDÌ�Ê Ì�T4ÉmË R�Ì�L Ç Ì4O®Ì�Ï!OnÜEÈ
H�Ô©Ï!ÉDT,Ü�O
Å P4OQå Ç ÉvÌ×LQP4É±R|È³Î%O�O�ÐçLNÎQPSÉ}ÉmËµÉ}È�TmØER|ÑIÜ�É±Í�O%È6Ì�R�Ð ÉmP

TSÏ6LnT�TSÏ!ÉIÐ R|÷&É}PSÉ}È6Í}ÉmÌ�LQP4É¨Ð!Ò!É1T4O×Í�OQË Å!Ç É�ã¶Ð Ê�È6LNË­Õ
R�Í}ÌmØ©É�ã!Í�É Å T×LnTªTSÏ!É/ÉmÈ6Ð�ONÑDT4Ï6É±Ð ÉmÌSÍ�ÉmÈ�TmHAñqÈÞÑcL%Í\T
TSÏ!É Å PSÉmÌSÌ4Ò!P4É�Ë­ÉvLQÌ4Ò!PSÉ}ËµÉ}È�TSÌ8Ü�ÉmP4É Å ÉmP�TSÒ!PSM6LnTSÉmÐªM�Ê
TSÏ!É¯Ï!R�ÎQÏ Å P4ÉvÌ4Ì4Ò!PSÉmÌIÉ}È6Í}OQÒ!È�T4ÉmP4ÉvÐ�Ø�LNÈ6Ð¼T4Ï!É»ÖQÉ Ç O Í\Õ
R|T,Ê Å PSONå Ç ÉmÌ­R�ÌµR|È¬Í�PSÉmLQÌ4R�È!ÎÛÌ Ç OnÜ Ç Ê�Ì4Ï!OnÜER�È!ÎÛÌ�T4PSOQÈ6Î
O�Ì4Í}R Ç�Ç LNT4R�OQÈ6ÌmHÌ*�OQÈ¬Ì�É�(%Ò6É}È�T Ç ÊQØ�T4Ï!ÉCL Ç T4R|T4Ò6Ð É Å P4OQå Ç É
Ð É}T4ÉmP4ËµR�È!ÉmÐCÑ�OQP

t > 3000
Ì1ËªLhÊ/MKÉ Å É}P4T4Ò!PSM6LnTSÉmÐ

LQÈ6Ð×Ì Ç R|Î%Ï%T Ç Ê¯Ò!È6Ð ÉmP4ÉvÌ,TSR|ËªLnTSÉmÐ�H
Ô©Ï!ÉµÐ ÉmÌSÍ�ÉmÈ%T Å Ï6L%Ì�É­PSÉmÍ�O%È6Ì�T4PSÒ6Í\TSR|O%È±Ì�Ï6OnÜ�Ì�TSÏ6LnT

TSÏ!ÉER|È6RUTSR�L Ç L Ç T4R|T4Ò6Ð!É�LNÈ6Ð²ÖQÉmP�TSR�ÍmL Ç Ì Å ÉmÉmÐµLnT
t = 16.2Ì¶LNPSÉCLQM¬O%Ò T

19.0
Ù�Ë LNÈ¬Ð

107.3
Ë»H Ì

−1
PSÉmÌ Å ÉmÍ\Õ

TSR|Ö%É Ç ÊQHèÔ©Ï!É?Ð ÉmÈ6Ì4RUT,ÊÆLnT/TSÏ!R�Ì Å OQR�È�T±R�Ì±É�(�Ò6L Ç T4O
9.495× 10−2

Ù�Î6H Ë
−3

H
â �'�#����ã�%&�'�6�=�������
Ú�Ì4R|È6Î¯TSÏ!ÉªLhÖQÉ}PYLNÎ%ÉmÐ/Ð!ÉmÍ�É Ç ÉmPSLNT4R�OQÈ/OQÑ8TSÏ!É Å P4O%M¬É

MKÉ�T,Ü�É}ÉmÈ
0.02

LQÈ6Ð
16

Ì ß R]H ÉQH 42.901
Ë¶H Ì

−2
á\Ø)T4Ï!É

Ö%É Ç O�Í}RUT,ÊDOQÑ!T4Ï!É Å PSOQMKÉ�ÍmLNÈ¨MKÉEÐ É�TSÉ}PSËµR|È!ÉvÐ1Ñ�O%P
t = 0ÌmØELNÈ6ÐöÜ�É�å6È6Ð

V ' 426.8
Ë¶H Ì

−1
HÆÔ©Ï!ÉmÈ�ØERUT×R�Ì

Å O%ÌSÌ�R�M Ç É�T4O³Ì4R|Ë²Ò Ç LnT4É�T4Ï!É�Ö%É}P4T4R�Í}L Ç ÖQÉ Ç O Í�R|T,Ê Å PSONÕ
å Ç É©LNÈ6Ð¨T4Ï!ÉEÍ�O%P4PSÉmÌ Å OQÈ6Ð R�È!Î�L Ç T4R|T4Ò6Ð É Å PSONå Ç É©Ð Ò!PSR|È!Î
TSÏ!R�Ì Å Ï6LQÌ4ÉQØ!Í}OQÈ6Ì4R�Ð É}PSR|È6ÎITSÏ!ÉDÑ�O Ç�Ç OnÜER�È!Î­É}Ö%É}È�TSÌmû
Õ
t = 0

ÌmØ6Ð ÉmÌSÍ�ÉmÈ�T©ËµO Ð É¨Ð É}T4ÉvÍ\T4R�OQÈ
Ø

à
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úkR�ÎQÒ!PSÉDð û ÃYÄ�ÅTÆ}����b,[�^_`a��WYp%��b,paZ}�,` ^ty1{�`as�uD� i
−1
~ ��b,[ci_ghi&^]`auEb.{�`as�i ~ dhgh[c`ash��^]xhbk�,Z\shsvb,�m`aZ\s�lvxnWYi_b\� �~È�ÉYÊ�ËuÆ}��dhb,dhgh�,b,dDWYp ^]` ^]ghdhbklv[]Z ´ pab�{�`as�«}u ~

��b�[ci_gvi)^]`auEb�{�`as�i ~ �

¤!WYXhpab � �)�\WYpaghb,i8��Z\[
ms

`as­«}�®{|lh[cZ\XNb,��lnWY[_WY�_xmgv^]b1i]ymi]^]b,u
u�WYi_i ~��

Cx,pr
�
Cx,pa

{|lh[]Z\XNb�WYshdIlnWY[]WY��x}gv^_b�WYb,[cZmdmyvsnWYuE`a�
��Z}b^äE�,`ab,s}^]i ~��

So,pr
bq^

So,pa
`as1u

2
{�lh[cZ\XNb©WYshd1lhWY[_WY��x}gv^]b

��[cZ\i_i)i_b,�q^_`aZ\s ~ ��b,[ci_ghi�^_`auEb\�
^.{|i ~

0− 3.5 3.5− 5 5− 13.6 13.6− 16.2
ms

� � � � � � � �\� ���v�
Cx,pa

� �v� �,?Y� �v� �,?Y� �v� �,?Y�
Cx,pr

�v� �S� �v� �S� �v� �S� �v� E
So,pr

� � � � � � � � � � � � �v� ? �
So,pa

� �\� � ��� �\� � ��� �\� � ���

Õ
t = 3.5 s

Ø Å LQPSL%ÍYÏ�Ò!T4É�O Å É}È!R�È!Î6Ø
Õ
t = 5 s

Ø6LNÑtT4ÉmP�Í�OnÖQÉmP�PSÉ Ç ÉmL%Ì�É%Ø
Õ
t = 13.6 s

Ø Ñ�PSOQÈ�T�Ì4Ï!R|É Ç Ð×PSÉ Ç ÉmLQÌ4ÉQØ
LNÈ¬ÐªLQÌSÌ�Ò!ËµR�È!ÎDT4Ï¬LnT8TSÏ!É�Ö%É Ç O�Í}RUT,Ê²ONÑ&T4Ï6É Å PSOQMKÉER�Ì

Î%R|Ö%É}ÈÛM�Ê/T4Ï6ÉªÖQÉ}P4T4R�Í}L Ç ÖQÉ Ç O Í�R|T,Ê ß R_H ÉQH sin(γ) ' 1
á\H

Ô©Ï6É8TYLNM Ç É
î�Ì�Ï6OnÜ�Ì)L Ç|Ç T4Ï!É Å LQPSLQË­É}T4ÉmPSÌ
Ò6Ì�ÉvÐ¨R�È¨TSÏ!R�Ì
Ì4R�ËIÒ Ç LnTSR|O%È�H
úkR|Î%Ò!PSÉ�ð�Ì�Ï6OnÜ�ÌkT4Ï!É�Ö%É Ç O Í�R|T,Ê ß Ç É�ÑtT\á.LQÈ6Ð­T4Ï!É
L Ç T4R|Õ

TSÒ6Ð É ß PSR|Î%Ï%T\á Å PSONå Ç ÉmÌ)Ð Ò!PSR|È6ÎET4Ï!R�Ì
Í}OQÈ!È6É�ã R|O%È Å Ï6L%Ì�É%HÔ©Ï!ÉDL Ç T4R|T4Ò6Ð!É Å PSONå Ç É
Ì4Ï!OnÜ�Ì.T4Ï6LNT8T4Ï6É�Í}OQÈ6Ð R|T4R�OQÈ¬Ì
LNT

t = 0
LNPSÉ

z = 22.6
Ù�Ë LNÈ6Ð

V = 426.8
Ë¶H Ì

−1
H

9:�	� ��;¢���������
ADÈ!OnÜER�È!ÎÛT4Ï!É�Í}OQÈ6Ð R|T4R�OQÈ¬ÌªLnT

t = 0
Ø8TSÏ!É�É}È�TSP4Ê

Å Ï6LQÌ4ÉªÜ�L%ÌDå6PYÌ,T¨PSÉmÍ}OQÈ6Ì�T4PSÒ6Í�TDÒ Å Ü©LNPYÐ±T4O�ÉmÌ�T4R�ËªLnTSÉ
TSÏ!ÉªL Ç T4R|T4Ò6Ð!É­OQÑ.T4Ï6É Å P4O%M¬É­ÜEÏ!É}ÈCT4Ï6ÉIå6PYÌ�T1Ð6LnTSL¯R�Ì
L%Í (�Ò!R�É}PSÉmÐ ß t = −240.555

ÌYá\HÞÔ©Ï!É}È�Ø�Ì�ÉmÖQÉ}PYL Ç P4É}Õ
Í}OQÈ6Ì�T4PSÒ6Í�T4R�OQÈ6ÌDÜ�É}PSÉ Å É}P4Ñ�OQPSËµÉmÐ±T4O�ËªLnTYÍYÏCÉ}ã!LQÍ\T Ç Ê
TSÏ!É�Í}OQÈ6Ð R|T4R�OQÈ¬Ì ß LNT 450

Ù�Ë®á�Ð É Ç R�ÖQÉmP4ÉvÐ²M�ÊIT4Ï!É�È¬LhÖ%Õ
R�Î%LNT4R�OQÈ×T4ÉvLNË¶H
Ô©Ï!É/PSÉmÍ}OQÈ6Ì�T4PSÒ6Í�T4R�OQÈ�R�Ì¯Ò6Ì4R|È!Î�LQÈæÒ Å!Å É}P»LnT4ËµOQÕ

Ì Å Ï!ÉmP4É03.Õ�Ô Å PSONå Ç É©M6LQÌ4ÉmÐ­OQÈ²T4Ï6É�ñ�ò6Ý�Õ,ò�ëçò²OQM6Ì4É}P4Õ
ÖnLNT4R�OQÈ6Ì ß ä�PSO%ÌSÌ4LQPSÐ®É�T�L Ç H|Ø�îvïQï%ø%á$TSO²ËµO Ð É Ç T4Ï!ÉDÒ Å Õ
Å É}P
LnT4ËµO�Ì Å Ï6É}PSÉDÍYÏ6É}ËµR�ÍmL Ç Í}OQË Å O%Ì4RUTSR|O%È ß ÉmÐ!Ð Ê»Í�OQÕ
É )®Í�R�É}È�T©LNT8TSÏ!É
Ï6OQËµO Å LQÒ6Ì4É

Kh = 7.10−2
Ë

2
H Ì
−1

Ø
ÜER|T4ÏºL�Ð É Å ÉmÈ6Ð!LQÈ6Í�É¼R�È

n−0.5 á\H=Ô©Ï!É¼ËµO Ç ÉmÍ}Ò Ç LQP

Ð R|÷&Ò6Ì�R�OQÈÞÍ�O�É,)®Í�R�É}È�TYÌ¨Ñ�O%PIÉmL%ÍYÏ�Ì Å ÉmÍ}R|ÉvÌ²LQP4É®Ñ�OQÒ!È6Ð
R�È�T4Ï!É Ç R|T�TSÉ}PYLnT4Ò6P4É ß ./LNPSP4ÉmP4O¼LQÈ6Ð©./LQÌSÌ4OQÈ�Ø�îmï�ðNü ù
ADÉvÌ,TSR|È­É�T8L Ç H�Ø!îmï%ø Õ á\H)Ô©Ï6É Ç OnÜ�É}P�LnTSËµO%Ì Å Ï!É}PSÉ©Í�OQË­Õ
Å O%Ì4RUTSR|O%ÈIÒ6Ì4ÉmÐ¨T4ODÐ É}PSR�ÖQÉ�T4Ï!ÉEÍYÏ!ÉmË­R�Í}L Ç Í}OQË Å O%Ì4RUTSR|O%È
LNTµÏ6R|Î%Ï�L Ç TSRUTSÒ6Ð É�R�ÌµP4ÉvÌ,TSP4R�Í\TSÉmÐ?T4O�TSÏ!É�ËªLNR�ÈöÍ}OQÈ Õ
Ì�T4R|T4Ò!ÉmÈ�TSÌ ß H2

Ø
He

Ø
CH4

LNÈ6Ð
H
á\H�úkR�ÎQÒ!PSÉEø1Ì�Ï!OnÜ�Ì

TSÏ!É¯ËµO Ç ÉmÍ}Ò Ç LNP1Ñ�PYLQÍ�T4R�OQÈ¼Ò6Ì4ÉmÐ�Ñ�O%P¨TSÏ!É¯PSÉmÍ}OQÈ6Ì�T4PSÒ6Í\Õ
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úkR�ÎQÒ!PSÉ¼ø!û �DZ\pab,�,ghpoWY[��|[_WY�q^]`aZ\s/ZY�
He

{�dhWYi_xhb,dv�tpa`asvb ~��
H{�i]Z\pa`adv�tpa`ashb ~ WYshd

CH4

{�dhZY^c^]b�dm�tpa`ashb ~ ��b,[ci_ghi)WYp ^_` ^]ghdhb\�

ú!O%PµT4Ï!É�ÉmÈ%TSP4Ê?P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ�Ø8T4Ï!É�É}ã O%Ì Å Ï!É}PSR�Í
TSÉ}Ë Å ÉmPSLNT4Ò!PSÉ

Tex

Ï6L%Ì®TSOÞMKÉÛL%Ì4Ì4Ò!ËµÉmÐ�H3Ô©Ï¬LnT¶R�Ì
ÜEÏ�Ê/Ñ�O%Ò!PIPSÉmÍ}OQÈ6Ì�T4PSÒ6Í�T4R�OQÈ6ÌDÜ�É}PSÉ Å ÉmP�Ñ�O%P4ËµÉvÐ�Ø)ÜER|T4Ï
Tex = 700

Ø
900

Ø
1100

LQÈ6Ð
1200

AõP4ÉvÌ Å ÉmÍ�T4R�ÖQÉ Ç ÊQH
Ô©Ï!É Å P4O%M¬É×ËµO�Ð!É Ç R�Ì­Ð ÉvÌ4Í}P4R�M¬ÉvÐ¼å6Î%Ò!PSÉ×ï!H¼Ô©Ï!É

Ò Å6Å ÉmP�Õ Ç É}ÑtTILNÈ6ÐÛÒ Å6Å ÉmP�Õ�P4R�ÎQÏ�T1ÎQPYL Å Ï6ÌDÌ�Ï!OnÜõT4Ï!É
CxÍ}O�É )®Í�R�É}È�TöÒ¬Ì�ÉvÐ�Ñ�OQPöTSÏ!É;PSÉmÍ}OQÈ6Ì�T4PSÒ6Í�T4R�OQÈ�H Ô©Ï!É

MKONT4T4OQË­Õ Ç É}ÑtT¯LNÈ6ÐÞMKONT�TSOQË­Õ�P4R�ÎQÏ�TªÎQPYL Å Ï¬Ì­Ì4Ï!OnÜ°T4Ï!É
ÉmÖQO Ç Ò TSR|O%ÈÛOQÑET4Ï!É¯ËµL%Ì4Ì²LNÈ6Ð�PYLQÐ!R|Ò6ÌIONÑ©T4Ï6É Å PSOQMKÉQØ
Ð Ò6É
TSOµT4Ï!É1ËªL%Ì4ÌELQM Ç LNT4R�OQÈ»Ð Ò!PSR|È!ÎµTSÏ!ÉDÉ}È�T4PSÊQH
Ô©Ï!É�LQÍmÍ�É Ç ÉmPSLNT4R�OQÈ²Ð6LnTSL�Ò6Ì4ÉmÐ²Ñ�O%P$T4Ï!ÉEPSÉmÍ}OQÈ6Ì�T4PSÒ6Í\Õ

TSR|O%È�LNPSÉ Å P4OnÖ�R�Ð ÉmÐÛM�ÊCT,Ü�O/LNã�R�L Ç Ì�ÉmÈ6Ì�O%PSÌ ß a1

LNÈ¬Ð
a2

áÞLNÈ¬Ð�T,Ü�OõOQP4T4Ï6OQÎQO%È6L Ç×Ç LNT4ÉmPSL Ç Ì4É}È6Ì4OQPYÌ ß an

á\H

ð
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úkR�ÎQÒ!PSÉµï!û:å�æ�æ Ä�È�çBÃQÄ ÅTÆ�è"È�ÉYÊ�Ë"Æm���YWY[]`oWS^]`aZ\s­ZY�
Cx

¦
` ^]x
Re

WYshd
Ma

� �~é
ê"Æ}ÆLê�ëìÃQÄ ÅTÆ�è"È�ÉYÊ�ËuÆ}��b,��Z\pagm^_`aZ\sIZY�&^]xhb�lh[cZ\XNbEu�WYi_i8{ dm
dt

lh[cZ ´ pab ~
WYshdDlh[cZ\XNb8[]WYdh`aghi�¦
` ^_x�^]`auEb��

Ô©Ï6ÉmÌ4É¶Ð6LnTSLÛLNPSÉ×Ì4Ï!OnÜEÈ?å6ÎQÒ!PSÉÛîmý!HÞä
LNTSL
a1

LQÈ6Ð
a2

LQP4É¶R�ÈæÖQÉmP4Ê�Î%O�O�ÐöLNÎ%P4ÉmÉ}ËµÉ}È�TvHÌ*�OQÈ6Ì4É�(�Ò!ÉmÈ%T Ç Ê
TSÏ!ÉµLQÍ}Í}É Ç É}PYLnTSR|O%È Å P4OQå Ç ÉIÒ6Ì4ÉmÐ¶Ñ�O%P�TSÏ!É­P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�Õ
TSR|O%È×R�ÌELNÈ»LhÖQÉmPSLQÎQÉ�OQÑ
T4Ï6É
T,Ü�O Å P4OQå Ç ÉmÌmHkÔ©Ï!É1LQÈ!Î Ç É
OQÑ8LnT4TSLQÍYÙ»Í}LQÈ�È!ONT�MKÉ²Ð!É}PSR|Ö%ÉmÐ»M¬É}Ñ�OQPSÉ

t = −160
ÌmØ

MKÉmÍmLNÒ6Ì4É»T4Ï!É¶PSÉmÌ4O Ç Ò T4R�OQÈÞONÑ�TSÏ!É Ç LnT4ÉmPSL Ç Ì4É}È¬Ì�O%PSÌ²R�Ì
È6ONT�Ï!R�ÎQÏ»É}È!O%Ò!ÎQÏ
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úkR�ÎQÒ!PSÉ¼îmý6û w �,�,b�pab,[]WS^_`aZ\s×dnWS^_W­Z\Xv^_WY`ashb,d×�|[]Z\u�^]xhb�^t¦�Z
WS�v`oWYp6i_b,shi]Z\[]iE{|dnWYi_xhb,d²WYshdIi_Z\pa`ad1pa`ashb ~�� WYshd¨shZ\[cu�WYpKWY�,�,b,p �
b�[]WS^]`aZ\s1[]bq^][]`abq��b,dD��[cZ\u�^_xhb.poWS^]b,[_WYp�i]b,shi_Z\[ci�{|dhZY^c^_b,d1pa`ashb ~

Ô©Ï!É1å6È¬L Ç PSÉmÌ4Ò Ç T�ONÑkT4Ï!É²P4ÉvÍ�O%È6Ì,TSP4Ò¬Í\T4R�OQÈ»R�ÌEÎQR�ÖQÉmÈ
TYLNM Ç É¯îµLNÈ6Ð�å6ÎQÒ!PSÉmÌ²îQî%Ø)îhü®LQÈ6Ð¼îmþ6ØKÑ�OQP
T4Ï!É­É}È�T4PSÊ
TSPSLNÓ,ÉmÍ\TSOQPSÊQØ©TSÏ!ÉÛÐ!É}È6Ì4RUT,Ê%Ø Å PSÉmÌSÌ4Ò!P4ÉÛLNÈ6ÐæT4É}Ë Å É}PYLnÕ
TSÒ!P4É Å PSONå Ç ÉvÌ©P4ÉvÌ Å ÉmÍ�T4R�ÖQÉ Ç ÊQH
Ô©Ï!ÉÛP4ÉvÌ�Ò Ç T¶ONÑ¨TSÏ!É�É}È�T4PSÊ�P4ÉvÍ�OQÈ¬Ì,TSP4Ò6Í�T4R�OQÈ³R�Ì»R|È

É}ã Í}É Ç�Ç ÉmÈ�T
LNÎ%P4ÉmÉ}ËµÉ}È�TEÜERUTSÏ/Rtá©T4Ï6ÉIÈ6LhÖ�R�Î%LnTSR|O%È»Ð6LnTSL
LQÈ6Ð/R�R�á
ÜER|T4ÏÛT4Ï6ÉµÍ}OQÈ6Ð!RUTSR|O%È6Ì�É�ã Å ÉvÍ\TSÉmÐÛLnT�T4Ï!ÉªMKÉ�Õ
Î%R|È!È6R|È!ÎÛONÑ
T4Ï!É�Ð ÉvÌ4Í}É}È�T Å Ï6L%Ì�É%HÞÔ©Ï!É¶OQM!TSLNR�È!ÉvÐ

γLQÈ!Î Ç É�LnT
t = 0

Í�OQÈ!å6P4ËªÌ­TSÏ!É±LQÌSÌ4Ò!Ë Å T4R�OQÈöËªLQÐ É
Ñ�O%PµT4Ï!É/Í}OQÈ!È!É}ã R|O%È Å Ï¬LQÌ4ÉQû

sin(γ) = 0.993 ' 1
H

Ô©Ï!É¨ÍmL Ç Í�Ò Ç LnTSÉmÐ»LNÈ!Î Ç ÉDOQÑ$LNT�TSL%ÍYÙ
α
PSÉ}ËªLNR�È6ÌEÌ4ËªL Ç�Ç Ø

É}ã Í}É Å T�Ð Ò6P4R�È!Î­T4Ï!É�TSPSLQÈ6Ì�O%È!R�Í�PSÉ}Î%R|ËµÉDÜERUTSÏ�LIËªLnã�Õ
R�ËIÒ!Ë�ÖnL Ç Ò!É�ONÑkLNMKOQÒ T

17.6o
H�í�Ò!T�TSÏ!É1L Å!Å PSOhã R|ËªLNÕ

TSR|O%È²ËªLQÐ!É�OQÑ&Ì4ËªL Ç�Ç LNÈ!Î Ç É�ONÑ�LnT4TSL%ÍYÙ1P4ÉmËµLQR|È¬Ì$ÖhL Ç R�Ð�H
Ä Ì1T4Ï6É¯ÜER�È6Ð!Ì²Ü�ÉmP4ÉªÈ!ÉmÎ Ç ÉmÍ�T4ÉmÐ�Ø$T4Ï!É×P4ÉvL Ç

ϕ
LNÈ¬Ð

δÖnL Ç Ò!ÉvÌ�LNTDT4Ï!ÉµÉ}È¬Ð±OQÑ.T4Ï!ÉµÉmÈ%TSP4Ê�ËªLhÊ�MKÉ®Ð R|÷KÉmP4ÉmÈ%T
Ñ�PSOQË�TSÏ!O%Ì4É1Ì�Ï6OnÜEÈ×R�È»TSLNM Ç É¨ü H

*�OQÈ6Í}É}PSÈ!R�È!Î¨TSÏ!É¨Ð É}È¬Ì�R|T,ÊQØ Å PSÉmÌSÌ4Ò!P4É�LNÈ6Ð¯T4ÉmË Å ÉmP�Õ
LNT4Ò!PSÉ Å PSONå Ç ÉmÌmØ!TSÏ!É²LQÎQPSÉ}É}ËµÉmÈ%T�MKÉ�T,Ü�É}ÉmÈ¶T4Ï!É²É}È�T4PSÊ
Å Ï¬LQÌ4É�LQÈ6Ð®TSÏ!É1Ð ÉmÌSÍ�ÉmÈ�T Å Ï6LQÌ4É
R�Ì©É�ã!Í}É Ç�Ç ÉmÈ%T�T4O�O¬HkñqÈ
ÑcL%Í\TmØ�L»Ì4R|Ë Å!Ç ÉµÉ�ã�T4PYL Å O Ç LnTSR|O%È/ONÑ.TSÏ!ÉªÐ ÉmÌSÍ�ÉmÈ�T Å PSONÕ
å Ç É�L Ç�Ç OnÜ�Ì»L Å É}P4Ñ�ÉmÍ�T�Í}OQÈ!È6É�ã R|O%È³ÜER|T4Ï;T4Ï!ÉÛÉ}È�T4PSÊ
Å PSONå Ç É%H©Ô©Ï6ÉIÐ É}È¬Ì�R|T,Ê Å P4OQå Ç É¨Ì4Ï!OnÜ�Ì�Ì4OQËµÉ â Ò6Í\TSÒ6LnÕ
TSR|O%È6ÌELnT©T4Ï6É1É}È6Ð»ONÑkT4Ï6É�ÉmÈ�T4PSÊ¯Ð Ò!ÉDTSOªR|È6Ì�TSLQM!R Ç R|T4R�ÉmÌ
R�È±TSÏ!ÉªLNÉmP4O Ð Ê�È6LQË­R�ÍIÍ}O�É,)®Í�R�É}È�TSÌDÐ Ò6P4R�È!Î»T4Ï!ÉªÌ4Ò!M Õ
Ì4OQÈ!R�Í®PSÉ}Î%R|ËµÉ%H�Ô©Ï6É»Ì4Ò6Ð!Ð ÉmÈÞÍYÏ6LQÈ!ÎQÉ×R|ÈÞT4Ï6É»Ì Ç O Å É
O%M6Ì�ÉmP4Ö%ÉmÐ×LNMKOnÖQÉ
T4Ï!ÉDÏ!O%Ë­O Å LNÒ¬Ì�É%Ø R�Ì Å PSOQM¬LNM Ç Ê®Ð Ò!É

ø



ÔkLNM Ç É¨ühÕ.PSÉmÌ4Ò Ç TSÌ�Ñ�OQP©TSÏ!É1É}È�TSP4ÊªTSPSLNÓ,ÉmÍ�T4OQPSÊªPSÉmÍ�O%È6Ì�T4PSÒ6Í\TSR|O%È�H
T ß ÌYá é ß Ù�Ëªá G ß Ë¯ônÌYá

γ (o) χ (o) ϕ (o) δ (o) α (o)í,î�ï	ð�ñTò'ò�ò ó�ð'ô�õ�ñ@ð'ð ï	ö�ó�î
ô�ñ@÷ ó�ð�ñ@÷	ò�ï	õ í,î½ñTð�õ	î
ï î½ñgó�ò�ð�ó ÷�ñT÷
ï'ï	î Õ
Õ,üNþ Õ H ïQþ%ý ïQï%ý!HaüQü Õ ð î Õ à!H ø îvý!H Õ ø�ð�î Õ,ü H�îmþ6î Õ ü H þ�ß%ð$ß à!H àQþ$à�à Õ
Õ,üQüQï!H þQý�ß ï Õ ü H�î�à Õ ð î�à%ï!Hoð îvý!H þ!îvï!î Õ,ü H�îhðNý Õ ü Hcßuà�ßQþ à!H à%üNø%ï Õ
Õ,üQüQþ!H àQø%ý øQï Õ H ø Õ Õ ð îmï�ü H þ îvý!H�î�ß!îQî Õ,ü HaüNý%ï Õ ü HoðQðnþ%þ à!H à%üNý%ï Õ
Õ,ü îvø!H ý�ß�ß ø Õ ø!Haü%ð Õ ðQü î Õ H à ï!H ïQø�üNï Õ,ü Haü Õ ø Õ ü H ïQø!îvø à!H à!îvüQï Õ
Õ,ü îhü H Õ þ%ý øQý�ü H Õ þ Õ ðQüNþ�à!Hcß ï!H ø!î Õ ð Õ,ü HaüNø�ð Õ þ!H�îmïQý�ß à!H àQý Õ ð Õ
Õ,üNý�à!H øQý�ß ðuß�ð�H þ Õ Õ ðQü$ßQø!H�î ï!H à Õ àQþ Õ,ü H þ%ü$àQþ þ!H þQïQï�à à!HcßNï$à%þ Õ
Õ,üNý6îQH�îmø%ý ð�îvþ!H ýQý Õ ðQü%ðNï!H þ ï!H Õ ð%ðnï Õ,ü H þ$à�ßNþ þ!H àQýQï%ý à!HcßNø�ðNø Õ
ÕYîmï�ß Hcß$ß�ß à$à%ï!H Õ î Õ ðNþQý%ý!Haü ï!H þQý%ïQþ Õ,ü H Õ ý Õ ü þ!H ø!îmø�ð à!Hcß%ðnï6î Õ
ÕYîmø%ï!H ïQþ%ý à%ü$à!Hcß%ð Õ ðNþ%üQý!H ø ï!H�î Õ ý�ð Õ,ü H Õ$Õ þ!î Õ H ý%üNø�ð à!Hcß%ðný%þ Õ
ÕYîmø Õ H þQý�ß ßNø Õ H Õ ø Õ ðNþ Õ îQH ý ø!H ï�ðQüNý Õ,ü H Õ ø�üNý Õ HaüNþQï%ý à!Hcßuà!îvþ Õ
ÕYîhðNø!H àQø%ý ß Õ þ!H�î�ß Õ ðNþ$à%ý!H ø ø!H øQý%þ!î Õ,ü HcßQüQýQï Õ H Õ$Õ ï�à à!Hcß$ßQü%ü Õ
ÕYîhðNþ!H ý�ß�ß ßNý�ü Hcß%ð Õ ðNþQø%ý!H þ ø!H àQþ Õ ü Õ,ü Hcß$ßQï�ð Õ H à$àQý�à à!Hcß Õ üQï Õ
ÕYî�à�ð�H Õ þ%ý Õ à�ü Hoðuß Õ ðNþQï%ï!H þ ø!H Õ à�ßQü Õ,ü HcßNï%ø$à Õ H ø�ð�îvø à!HcßNþQþ Õ Õ

í�ó�÷	ò�ñ@÷'ð�÷ ï	ò�ð�ñ@ð'ð ï	ö
ï	ð'ò�ñ�ï ø�ñ@ï�ó�ð�ï í,î½ñT÷�ó'ó'ó ï�ñTõ
ï	ð'ô ÷�ñ�ò
ô'ð�ô Õ
ÕYî�à6îQH øQý�ß Õ üQþ!H àQø Õ ð Õ îvø!H ý ø!HaüNï�à!î Õ,ü H àQþ�ð Õ ß H ýQøQþ�ü à!HcßQüNþ%ø Õ
ÕYî�ß$à!H�îmø%ý þQø�ß H þ�ð Õ ð Õ þ�à!H ý ø!H�îvü�ðný Õ,ü H à�ðuà%ü ß HaüNï�ßQý à!Hcß î Õ ý ü H ý�ðuà
ÕYî�ßQý!Hcß$ß�ß þ Õ ð�H ø�ß Õ ð Õ ß%ü Hoð ð�H ï�ß�ðQð Õ,ü Hoð�î Õ ï ß HcßNý�ðNý à!HcßNý Õ î ü H þ!îvø
ÕYî Õ�Õ H ïQþ%ý þ!î%îQH ýQø Õ ð Õ à�ß Hcß ð�Hoðnø%ø Õ Õ,ü HoðußQþ$à ß Hoð�îmï%þ à!H Õ ï Õ ý ü H ý�ð î
ÕYîmþ%ï!H þQý�ß ü%ð$ß H ýQø Õ ð Õ à�ð�H þ ð�H à!îvï!î Õ,ü Hoðnï�ü Õ ß H ïQþ!îvø à!H Õ øQþ%ø ý!H àQý%ø
ÕYîmþ%þ!H àQø%ý üNþ%ï!H øQø Õ ð Õ ü%ü Hcß ð�H Õ$Õ ïQï Õ,ü H øQþ6îmý à!H�î Õ$Õ�Õ à!H Õ ðnþ Õ ý!H�îmþ�ð
ÕYîvüQø!H ý�ß�ß üNý�ß HcßNþ Õ ðQüNý6îQH þ ð�HaüNø6î�à Õ,ü H ø$à%ï$à à!H þ�ßuà�ð à!H Õ à%üQï ý!H�îmý Õ
ÕYîvü%ü H Õ þ%ý îhðQü HaüNï Õ à%þQþ%ï!H ý ð�H�îQînðný Õ,ü H ïQý%øQý à!Hcßuà$à%ï à!H Õ ßQü Õ ý!H�îhð î
ÕYîQî�à!H øQý�ß î Õ ý!H ïQý Õ þ�àQý�ß Hoð à!H ï$à�ßQü Õ,ü H ï Õ ßuà à!HoðQðný%ý à!H Õ$Õ ü!î ý!H þQø%ï
ÕYîQî%îQH�îmø%ý îQîvþ!H Õ à þ�ßQø�ßQø!H þ à!H ø�ß�ßNþ Õ,ü H ïQø6î Õ à!H ï�ß î%î à!H Õ þ%üQø ý!H øQý�ß
ÕYîmý�ß Hcß$ß�ß ïQþ6H þ�ü üNþ�ð�îvø!H ø à!H ø$à6îmþ Õqþ!H ý!îvþQþ ð�H ýQø�ß%ü à!H Õ ü$ßQø îQH�îmý6î
Õ�ï%ï!H ïQþ%ý øQý6H à�ß îmþ%ïQø�ß H ï ð�H ýQø6î�à Õqþ!H ý Õ üQü ð�H�î�àQø Õ à!H Õ ü î Õ îQH Õ ý%ý
Õ�ï Õ H þQý�ß ðNü!H ø%ï ø6î Õ$Õ H à ð�H à Õ ýQþ Õqþ!H ý�ðQü î ð�Haü î�à%ø à!H Õ îmø%ï îQH ýQþ�ß
Õ�ø%ø!H àQø%ý à�ð Hað$ß ß!îQîmø6H þ ø!H àQø�ð"à Õqþ!H�îmý�ðuß ð�Haü Õ ßQø à!H Õ îhðNþ ý!Hcßuà%ý
Õ�ø%þ!H ý�ß�ß àQþ6H ø�ð þ Õ ü$ß!Hað îvý!H þ$à%ïQï Õqþ!H�î�ß%ü î ð�Haüuà Õ à à!H Õ î�à%þ ý!H Õ ý%ý
Õ,ð%ð�H Õ þ%ý àQý6H à%þ ü Õ îmþ6Hað îhü H ø�ß Õ ý Õqþ!HaüNý%ï�ð ð�Haü%ðQð Õ à!H Õ î�ß$à ý!H àQø%ý
Õ,ð îQH øQý�ß ß%ð Hað Õ înðnþ�ð H Õ î�à!H þ Õ þQý Õqþ!HaüNø�ßNý ð�HaüNø$à Õ à!H Õ î�ß!î ý!H Õ ø6î
ÕBà�à!H�îmø%ý ß$ß!H ý�ð îhüNøQþ6H þ ü!îQH ý�ðNý!î Õqþ!H þQø Õ ø ð�HaüNï%üQø à!H Õ î Õ ð ü H Õ þ Õ
ÕBà%ý!Hcß$ß�ß ßQü!H ßQý ïQï Õ H ø ü�ð�H�îvü!îmý Õqþ!Hcß î�àQþ ð�HaüNï�ð$ß à!H Õ î Õ�Õ ð�H ø%üQø
Õ^ß Õ H ïQþ%ý Õ ï6H ï%þ ø!îmï6H Õ þ Õ Haü$ß%ü î Õqþ!H àQø�ßNï ð�H þQý!îvý à!H Õ î Õ ü îvü H�îmï%ý
Õ Õ ï!H þQý�ß Õ ð H üQï ð�îvü!H ß Õ îQH ï�ßQý Õ Õqþ!H ïQý%ý%ü ð�H þQýQþ�ð à!H Õ î Õ ý îhð�Hcß%ð%ð
Õ Õ þ!H àQø%ý Õ$Õ H ßQþ à$à$à6H ý Õ ï!H Õ ø�ßNþ Õ Õ H�î�à%þQý ð�H þQý�ßQï à!H Õ îmþ%ï îmþ!H�îvü!î
Õ�þ%ø!H ý�ß�ß Õ î%H à%ý àQþ$à6H ý ß$à!H þQþ%ï%ü Õ Õ H Õ ø%ý!î ð�H þQý�ðuà à!H Õ îmþ�ð ï!H ý�ð$ß
Õ�þ�ü H Õ þ%ý þQø6H ßQï àQýQø6H ý à�ü H þQø�àQý Õ Õ H ø$à%ø�ß ð�H þQýQï6î à!H Õ îmþ�à ï!H�îmø%ý
Õqü$à!H øQý�ß þ�ß!H ß�ð ß%ðuß!H þ à�ð�H àQþ%ï Õ Õwß H þ�ß$à Õ ð�H þ!îmý�ü à!H Õ îmþ�ß þ!H ïQý�à
Õqü!îQH�îmø%ý þ%ü!H à�ü ß Õ î%H ü ðQü H�î�ß�ð"à Õwß H ïQø�ðuß ð�H þ!îQî%î à!H Õ îmþ Õ ü Hoðnï�ß
ÕSî�ß Hcß$ß�ß üNï6HaðNï ßNý�ð H ß ð$ß H ï�ðNøQý Õ^à!H ø%ü!îmï ð�H þ!îQînð à!H Õ îmþ Õ þ!H àQï�ß
Õqï!H ïQþQý ü%ð H ý%ï Õ ðuß!H ü ðNï!H�î�ß!î�ß Õ�ð�H ï Õ ðQð ð�H þ!îvü%ü à!H Õ îmþ%þ ü H þ�ðNý
Õ Õ H þQý�ß ü Õ H ßQþ Õ$Õ ï6H ý ø6îQHoð�îvø�ð Õqï!H Õ ðNï Õ ð�H þ!îvü�ß à!H Õ îmþ%þ îQHoð�î�ß
Õ,ü H Õ þQý üNþ6HaðNý Õ$Õ ý6H|î ø�ü H Õ ß!îQî ÕSîvý!H�îmý�à%ü ð�H þ!îvü$à à!H Õ îmþ�ü îQH ï$à�ß
ÕYîQH�îmøQý üNþ6H|î�à Õ þ Õ H|î ø�ü H ïQý%øQþ ÕSîvý!Hcßuà�üNï ð�H þ!îvü�ð à!H Õ îmþ�ü îQHcßNþ6î
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ø�ñ�ï ø%þ!H þQþ%ïQï ÕSîvý!H ïQï Õ ý ð�H þ!îvüQø à!H Õ îmþ�ü Õ
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